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Nutrient Concentrations and Their Relations to the
Biotic Integrity of Nonwadeable Rivers in Wisconsin

By Dale M. Robertson’, Brian M. Weigel?, and David J. Graczyk'

Abstract

Excessive nutrient [phosphorus (P) and nitrogen (N)]
input from point and nonpoint sources is frequently associ-
ated with degraded water quality in streams and rivers.
Point-source discharges of nutrients are fairly constant and
are controlled by the U.S. Environmental Protection Agen-
cy’'s (USEPA) National Pollutant Discharge Elimination
System. To reduce inputs from nonpoint sources, agricul-
tural performance standards and regulations for croplands
and livestock operations are being proposed by various
States. In addition, the USEPA is establishing regionally
based nutrient criteriathat can be refined by each State to
determine whether actions are needed to improve water
quality. More confidence in the environmental benefits of
the proposed performance standards and nutrient criteria
would be possible with improved understanding of the
biotic responses to a range of nutrient concentrationsin
different environmental settings.

To achieve this general goal, the U.S. Geological Sur-
vey and the Wisconsin Department of Natural Resources
collected data from 282 streams and rivers throughout
Wisconsin during 2001 through 2003 to: (1) describe how
nutrient concentrations and biotic-community structure
differ throughout the State, (2) determine which envi-
ronmental characteristics are most strongly related to the
distribution of nutrient concentrations and biotic-commu-
nity structure, (3) determine reference conditions for water
quality and biotic indices for streams and riversin the
State, (4) determine how the biotic communities in streams
and riversin different areas of the State respond to differ-
ences in nutrient concentrations, (5) determine the best
regionalization scheme to describe the patternsin refer-
ence conditions and the corresponding responses in water

1 U.S. Geological Survey, Middleton, Wisconsin

2 Wisconsin Department of Natural Resources, Madison, Wisconsin

quality and the biotic communities (primarily for smaller
streams), and (6) develop algorithms to estimate nutrient
concentrationsin streams and rivers from a combina-

tion of biotic indices. The ultimate goal of this study isto
provide the information needed to guide the development
of regionally based nutrient criteriafor Wisconsin streams
and rivers. In this report, data collected, primarily in 2003,
from 42 nonwadeable rivers are used to describe nutrient
concentrations and their relations to the biotic integrity

of riversin Wisconsin. In a separate report by Robertson
and others (20063), the data collected from 240 wadeable
streams are used to describe these relations in streamsin
Wisconsin.

Reference water-quality conditions for nonwade-
ablerivers were found to be similar throughout Wisconsin
(approximately 0.035 milligrams per liter (mg/L) for total
P (TP), 0.500 mg/L for total N (TN), 4 micrograms per
liter for suspended chlorophyll a (SCHL), and greater than
110 centimeters for Secchi-tube depth (SD)). For each
category of the biotic community (SCHL, macroinverte-
brates, and fish), afew indices were more strongly related
to differences in nutrient concentrations than were others.
For the indices most strongly related to nutrient concentra-
tions, reference conditions were obtained with aregression
approach, from values corresponding to the worst 75"-per-
centile value from a subset of minimally impacted streams
(streams having reference nutrient concentrations), and
from the best 25"-percentile value of all the data.

Concentrations of TP and TN in nonwadeable rivers
increased as the percentage of agricultural land in the basin
increased; these increases resulted in increased SCHL con-
centrations and decreased SDs. The responsesin SDs and
SCHL concentrations to changes in nutrient concentrations
were similar throughout most of the State except in rivers
in the southeastern part, where SCHL concentrations were
lower than would be expected given their nutrient concen-
trations. Riversin the southeastern part of the State had
high concentrations of total suspended sediment compared
to the SCHL concentrations.
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Many biotic indices responded to increases in nutrient
concentrations, which indicates that nutrients have direct
or indirect effects on the composition of the biotic com-
munity. Higher nutrient concentrations and poorer biotic
index scores, indicative of poorer water quality, were
found in agricultural areas in the southern half of the State.
Most of the biotic indices were more strongly related to
changes in TP concentrations than to changesin TN con-
centrations. Many of the responses to changes in nutrient
concentrations were nonlinear and, therefore, thresholds
or breakpoints were identified where asmall changein
nutrient concentrations corresponded to arelatively large
change in the biotic communities. The thresholdsin the
responses to changes in TP concentrations ranged from
0.03 to 0.15 mg/L, whereas thresholds to changesin
TN concentrations ranged from about 0.5 to 2.0 mg/L.

The thresholds for many of the biotic responses were only
dlightly higher than the reference TP concentrations esti-
mated for rivers throughout the State.

The biotic communitiesin ariver reflect its overall
ecological integrity; they integrate the effects of many
different stressors and thus provide a broad measure of
the stressors’ aggregate effect. Nutrient concentrations by
themselves, however, explained only 1-11 percent of the
total variance in the components of the biotic communities
or about 2—25 percent of the explained variance. Nutrient
concentrations were most important in affecting SCHL
concentrations.

Three biotic indices were combined to create two new
multiparameter indices [Biotic Index of total Phosphorus
(BIP) and Biotic Index of total Nitrogen (BIN)] to estimate
TP and TN concentrations from biotic data collected in the
rivers. The BIP predicted TP concentrations better than the
BIN predicted TN concentrations (63 and 51 percent of the
variances, respectively). The difference in the accuracy of
these indices was consistent with biotic indices that were
more correlated with TP concentrations than with TN con-
centrations. This result indicates that P is more important
than N in affecting most biotic communitiesin rivers.

Distributions of water quality and biotic indices for
nonwadeable rivers, in general, were similar to those
found for wadeabl e streams, with best conditionsin the
northern (forested) part of the State. The main differ-
ences between wadeable streams and nonwadeabl e rivers
include: nonwadeable rivers had a smaller range in nutrient
concentrations (less extreme concentrations, especially
lower maximum concentrations), although median con-
centrations were similar; nonwadeable rivers had higher
percentages of P and N in particulate forms; nonwadeable
rivers had SCHL concentrations that were higher and had a

stronger relation with nutrient concentrations; most biotic
indices in nonwadeable rivers were more strongly related
to nutrient concentrations; most biotic indices in nonwade-
ablerivers had aless consistent wedge-shaped response

to changes in nutrient concentrations (the wedge-shaped
response in wadeable streams resulted from biotic indices
that ranged widely at low nutrient concentrations, but were
consistently poor at high nutrient concentrations); and the
biotain nonwadeable rivers had a dlightly larger rangein
the thresholds in the responses to changes in TP concentra-
tions.

Although specific mechanisms of how nutrients affect
the biota in wadeable streams and nonwadeabl e rivers
were not examined in this study, the results indicate that
nutrients are important in controlling their biotic health.
Although the biotic-community structure represents the
overall ecological integrity of the stream or river, nutrients
alone explained only asmall part of the variance in the
biotic community. Therefore, it is difficult to predict the
exact result of reducing nutrient concentrations without
also modifying the factors typically associated with high
nutrient concentrations. Nutrient concentrations in many
streams and rivers, especially in agricultural areas, are well
above the threshold concentrations; therefore, small reduc-
tions in nutrient concentrations in these streams and rivers
are not expected to have large effects on the biotic commu-
nity. Even with these limitations, however, it is expected
that reducing nutrient concentrations will improve the
biotic communities of most streams and rivers, improve
their beneficial ecological functioning, and improve the
quality of downstream nutrient-limited receiving waters.

Introduction

Elevated concentrations of nutrients are some of the
most common stressors (contaminants) affecting riv-
ers and streams throughout the United States. Problems
associated with elevated nutrient concentrations in surface
water are not new, but they are among the most persistent.
According to the National Water Quality Inventory: 1996
Report to Congress by the U.S. Environmental Protection
Agency (USEPA), 50 States, Tribes, and other jurisdic-
tions surveyed water-quality conditionsin 19 percent of
the Nation’s 3.6 million miles of rivers and streams and
found overenrichment of nutrients to be the second-most
common reason for impairment after the combined effects
of suspended sediment and siltation (U.S. Environmental
Protection Agency, 1996). Excessive nutrientsin riv-
ers and streams can result in the overgrowth of benthic



algae in shallow areas and in areas with fast currents, and
an overabundance of phytoplankton and macrophytesin
deep areas with slow currents. High algal and macrophyte
biomass can cause severe diurnal fluctuations in dissolved
oxygen and pH associated with biotic production and res-
piration, and can cause low dissolved oxygen concentra-
tions when part of the population dies (Welch and others,
1992). Low dissolved oxygen concentrations, in turn, can
cause an increase in the availahility of toxic substances,
reduction in available aquatic habitat, modifications to
the composition of the biotic communities especially if
fish die off, and a decrease in the overall usefulness of
the stream (Miltner and Rankin, 1998; Dodds and Welch,
2000). In addition to local effects, excessive transport of
nutrients has also been linked to eutrophication of down-
stream lakes and impoundments, outbreaks of Pfiesteriain
bays and estuaries in various Gulf and Mid-Atlantic States,
and hypoxiain the Gulf of Mexico (U.S. Environmental
Protection Agency, 2000a).

Under recommendations of the Clean Water Action
Plan released in 1998, the USEPA has developed a
National strategy to develop waterbody-specific nutri-
ent criteriafor lakes and reservoirs, rivers and streams,
wetlands, and estuaries (U.S. Environmental Protection
Agency, 1998); this study is concerned with criteriafor
rivers and streams. The intention of this strategy isto get
all States and Tribes to establish nutrient standards, that, if
enforced, will reduce nutrient concentrations and improve
the beneficial ecological uses of surface waters. The
best way to control nutrient concentrationsisto reduce
the part contributed by humans, not the part contributed
naturally (U.S. Environmental Protection Agency, 1998).
Various environmental characteristics, such as land use,
geology, soils, climate, and hydrology (including human
modifications and hydrologic structures) are important in
determining water quality (Monteith and Sonzogni, 1981;
Clesceri and others, 1986; and Robertson, 1997). Because
these characteristics differ greatly across the United States,
the determination of regionally specific background or
reference nutrient concentrations and the establishment of
regionally specific nutrient criteria make scientific sense.

The USEPA hastaken the initial step in developing a
regional framework for nutrient criteria based on combin-
ing Omernik’s 84 level 111 ecoregionsinto 14 national
nutrient ecoregions for the conterminous United States
(U.S. Environmental Protection Agency, 1998; Rohm and
others, 2002). On a subregional basis, such as a specific
State, each of these 14 nutrient ecoregions can be further
subdivided into the original level 111 ecoregions. Wisconsin
is subdivided into two national nutrient ecoregions (ecore-
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gions 7 and 8) that are further subdivided into four level
I11 ecoregions: Northern Lakes and Forests (NLF; national
nutrient ecoregion 8), and North Central Hardwood Forests
(NCHF), Southeastern Wisconsin Till Plains (SWTP), and
the Driftless Area (DFA) that are in national ecoregion 7
(Omernik and others, 2000; fig. 1A). In addition, Wiscon-
sin includes small parts of the Western Cornbelt Plains
and the Central Cornbelt Plains ecoregions (not labeled in
fig. 1A). The nutrient ecoregions provide an initial region-
alization scheme for developing nutrient criteria; however,
the USEPA expectsindividual States and Tribes to evaluate
and possibly develop aternative regionalization schemes
(U.S. Environmental Protection Agency, 2000b). Robert-
son and others (2006b) demonstrated that the ecoregions
in the Midwest primarily reflect differencesin land use
and devel oped a regionalization technique that removed
the effects of land use. They subdivided the Midwest into
five environmental phosphorus zones that were delineated
primarily on the basis of differencesin soils and surficial
deposits (primarily based on differences in the amount of
till and clay in the soils; fig. 1B).

After relatively homogenous geographic areas have
been chosen, several approaches can be used to define
quantitative nutrient criteria. The approach suggested
by the USEPA to define possible criteriais based on the
reference or potential water quality of each area—in other
words, on the conditions that are attainable in the geo-
graphic location of each river or stream (U.S. Environmen-
tal Protection Agency, 2000a). Reference concentrations
for total phosphorus (TP), total nitrogen (TN), suspended
chlorophyll a (SCHL, aso referred to as sestonic chloro-
phyll), and a measure of turbidity have been defined from
the frequency distribution of all available data (from
USEPA's Storage and Retrieval, STORET, database) for
each national nutrient ecoregion and most level |11 ecore-
gions. It has been suggested that the lower (best water
quality) 25" percentile of all datafor an area may repre-
sent this reference condition (25"-percentile approach;
U.S. Environmental Protection Agency, 2000b); that
is, 25 percent of all the sites have water quality at least
as good as this reference condition. Defining reference
conditions based on this approach can result in reference
nutrient concentrations that are biased high in predomi-
nantly agricultural areas where more than 75 percent of
the sites are impacted by nutrient influx, and biased low in
predominantly forested areas where fewer than 75 percent
of the sites are impacted. Therefore, it has also been sug-
gested that the upper (worst water quality) 75" percentile
of the data for a subset of rivers or streams thought to
be minimally impacted for a defined area may represent
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this reference condition (75"-percentile approach); that
is, 75 percent of the minimally impacted sites have water
quality at least as good as this reference condition.

Defining reference conditions based upon a per-
centile approach is arbitrary. An alternative approach to
estimate reference concentrations isto develop a multiple
linear-regression model from data for a specific area that
relates water quality to anthropogenic factors or charac-
teristics such as the percentages of agricultural and urban
areain the watershed (Dodds and Oakes, 2004). With this
approach, the estimated concentration of a constituent
or value of an index in the absence of human activities
(with O-percent agricultural and O-percent urban areas)
represents the reference or background condition. These
relations or eguations can also be used to place confidence
intervals on the reference conditions.

A few studies have shown observational linkages
between nutrient concentrations and the health of the
biotic communitiesin streams. Nutrients have been shown
to directly affect the productivity and species composition
of primary producers, such as macrophytes and benthic
and suspended algae, and indirectly affect the primary and
secondary consumers in controlled nutrient-enrichment
experiments (for example, Mundie and Simpson, 1991,
Peterson and others, 1993; Perrin and Richardson, 1997).
Miltner and Rankin (1998) reported that macroinverte-
brate- and fish-assemblage indices were negatively corre-
lated with TN and TP concentrations in wadeable streams
in Ohio. Zorn (2003) reported that TP was one of the
important variables for predicting the presence or absence
of specific fish speciesin Michigan streams. Heiskary and
Markus (2003) also reported significant negative correla-
tions between macroinvertebrate- and fish-assemblage
characteristics and TP and TN concentrations in nonwade-
ableriversin Minnesota.

Most empirical relations between nutrient concentra-
tions and biotic indices, trophic status, primary production,
and food-web dynamics, however, have generated mixed
results (for example, Vannote and others, 1980; Junk and
others, 1989; Sedell and others, 1989; Dodds and others,
1998; and Thorp and Delong, 2002). These mixed results
demonstrate that models devel oped in specific areas may
not be applicable elsewhere, or that the biotic community
reflects more than just the nutrient concentrations that
are or were present in the stream. The biotic community
represents the overall ecological integrity of the stream
(physicochemical habitat and biotic integrity) and thus
provides a broad measure of the aggregate effect of all
stressors (Barbour and others, 1999). The physicochemical
habitats of the stream where the biotalive arein
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turn controlled by watershed characteristics such as
geomorphology, geochemistry, and land use/land cover;
therefore, watershed characteristics are also important
factors affecting the biotic community (Frissell and others,
1986; Poff, 1997).

Because biota respond to stresses from multiple
spatial and (or) time scales and several pathways including
habitat and water chemistry, monitoring macroinvertebrate
and fish communities, in addition to water quality, isvalu-
able for determining natural and anthropogenic influences
on stream and river resources (Karr, 1981; Ohio Environ-
mental Protection Agency, 1987; Rosenberg and Resh,
1993). Macroinvertebrate-based assessments have become
important tools in rapid bioassessment protocols for
indicating ecological condition (Plafkin and others; 1989,
Kerans and Karr, 1994; DeShon, 1995; Weigel, 2003).
Likewise, protocols for assessing ecosystem health often
use combinations of fish-assemblage measures as indi-
ces of biotic integrity (Karr and others, 1986; Simon and
Lyons, 1995; Lyons and others, 2001). Macroinvertebrate
and fish assessments complement each other because one
may be more responsive to particular stressors or spatial
scales than the other (Davis and Simon, 1995; Barbour
and others, 2000; Davies and Jackson, 2006). One of the
goals of establishing nutrient criteriaisto protect the biotic
community. An alternative approach to define nutrient
criteriaisto use biotic models or measured data to define
thresholds in the response between nutrient concentrations
and biotic indices such as the amount of suspended algae
in astream or river (as quantified by SCHL), water clarity
(as quantified by SD), or macroinvertebrate or fish biotic
indices (U.S. Environmental Protection Agency, 2000a).

One of the greatest impediments to understanding
nutrient—biota relationsis that biota may respond to nutri-
ent enrichment in the same way that they respond to other
stressors (Yoder and Rankin, 1995; Karr and Chu, 1999).
Furthermore, generally the high correlations between
environmental variables make it difficult to differenti-
ate spurious correlations from cause-and-effect relations
(Miltner and Rankin, 1998; Wang and others, 2003; Dodds
and Oakes, 2004).

If relations between nutrient concentrations and
biotic integrity are used to define nutrient criteria, the final
criteria should be chosen to minimize degradation in the
biotic integrity of rivers and streams. In other words, the
criteria should be the nutrient concentrations that would
not result in high algal concentrations or values of biotic
indices that reflect a degraded environment. One of the
difficultiesin defining nutrient criteriais determining the
values of the biotic index (such asa SCHL concentration)
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for which ariver or stream is considered degraded or
impaired. Whichever approach is used, the final criteria
must be stringent enough to protect the specific site and
cause no adverse effects in downstream waters.

The USEPA developed preliminary criteria based
on the 25"-percentile approach and the distribution of
median concentrations of all the data measured at each site
within a specified region rather than the mean concentra-
tions. Median values were used because they represent
the concentration most frequently present in the stream,
and because a statistical summary based on median values
reduces the effects of outliers and values reported as less
than their respective detection limits. The USEPA has
provided preliminary criteriafor TP, TN, SCHL, and tur-
bidity for the national nutrient ecoregions and most level
[11 ecoregions (table 1; U.S. Environmental Protection
Agency, 2000b and 2001). Robertson and others (2006b)
developed an aternative regionalization scheme for the
Midwest (environmental phosphorus zones) and estimated
reference concentrations for each zone by use of multiple
linear-regression models that related TP, TN, SCHL, and
SD to two anthropogenic characteristics (percentages
of agricultural and urban areas in the watershed; Dodds
and Oakes, 2004). Robertson and others (2006b) found
similar reference TP concentrations for the entire State, but
reference concentrations of TN and SCHL and SD were
different in areas with high clay-content soils (Zone 3;
from Green Bay to Milwaukee in southeastern Wisconsin
and Bayfield Peninsulain northwestern Wisconsin; table 1
and fig. 1B).

There would be more confidence in the potential
environmental benefits of enforcing nutrient criteria
and standards for streams and riversin Wisconsin if the
criteria and standards were based on the most appropriate
regionalization scheme and if the criteria and standards
reflect appropriate regionally defined thresholdsto biotic
response. Defined nutrient criteria and thresholds for biotic
indices would enable the use of monitoring data to identify
rivers and streams affected by excessive nutrients and
would be useful to water-resource managersin directing
rehabilitation efforts.

Purpose and Scope

In 2001, the U.S. Geological Survey (USGS) and the
Wisconsin Department of Natural Resources (WDNR)
began a collaborative study to (1) describe how nutrient
concentrations and biotic-community structurein rivers
and streams differ throughout Wisconsin, (2) determine
which environmental characteristics of watersheds are
most strongly related to the distribution of nutrient con-
centrations and biotic-community structure, (3) determine
reference water-quality and biotic conditions for different
areas of the State, (4) determine how the biotic com-
munities of rivers and streamsin different areas of the
State respond to differences in nutrient concentrations,

(5) determine the best regionalization scheme to describe
the patternsin reference conditions and the correspond-
ing responses in water quality and the biotic communi-
ties (primarily for smaller streams), and (6) develop new
algorithms to predict nutrient concentrations in rivers and
streams from a combination of biotic indices. The ultimate
goal of this study isto provide the information needed by
water-resource managers to develop regionally based nutri-
ent criteriafor rivers and streamsin Wisconsin.

This study was divided into two parts (nonwade-
ablerivers and wadeabl e streams) because (1) the natural
physicochemical and biotic attributes are not comparable
between nonwadeabl e rivers and wadeabl e streams, (2) the
biotic response was expected to vary as a function of
stream size, and (3) biotain wadeable streams are sampled
by means of different techniques than nonwadeable rivers.
Thefirst part of the study involved sampling 240 wadeable
streamsin 200103, and the second part involved sampling
42 nonwadeable riversin 2003. The results of the first
part of this study were described in the USGS publication
entitled “ Nutrient concentrations and their relations to the
biotic integrity of wadeable streamsin Wisconsin” by Rob-
ertson and others (2006a) and the biotic relations are sum-
marized in an article entitled “ Linkages between nutrients
and assemblages of macroinvertebrates and fish in wade-
able streams: implication to nutrient criteria development”
by Wang and others (2007). The second part of the study,
“Nutrient concentrations and their relations to the biotic
integrity of nonwadeable riversin Wisconsin,” is presented
in this report, and the biotic relations are summarized in
an article entitled “ Identifying biotic integrity and water
chemistry relations in nonwadeabl e rivers of Wisconsin:
towards the development of nutrient criteria,” by Weigel
and Robertson (2007).
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Approach

Wisconsin has approximately 40 nonwadeable rivers
with a combined length of more than 2,500 km as river
and 1,500 km as impounded habitat (Weigel and others,
2006). A river reach is considered nonwadeable if it has
more than 3 km of continuous channel too deep to sample
effectively by wading during summer base flow. Because
simultaneously collected hydrological, water-quality, and
biological data were not available to determine how the
biotic integrity of Wisconsin'sriversis related to differ-
ences in nutrient concentrations, a network of sites was
selected to represent the nonwadeabl e rivers throughout
the State. The locations of the 42 sites on 35 nonwadeable
rivers are shown in figure 2 and listed in appendix 1. Sites
were chosen from throughout the State and represented
the types of rivers and the kinds and intensities of stress
upon each river type. The drainage basins of theseriv-
ers represent approximately 88 percent of the area of the
State. Watersheds of several basins extend into adjacent
States. Multiple sampling sites were chosen on several
of the major rivers in the State; however, the sites were
widely separated. The discharge and water quality at each
site were sampled monthly during a 6-month period (May
through October, 2003). Macroinvertebrate data were col-
lected during summer 2003. Fish-popul ation data, how-
ever, were not necessarily collected as part of this study;
most data were available from past surveys. All fish-popu-
lation data were collected between 1996 and 2004.

For each site, the drainage basin upstream of the
sampling site was digitized and a geographic informa-
tion system (GIS) was used to describe the environmental
characteristics of the watershed. Several multivariate
statistical approaches were then used to determine how
the environmental characteristics of the watershed were
related to water quality and biotic-community structure.
For the wadeabl e streams, the water-quality and biotic data
were used to evaluate different regionalization schemes. It
was previously found that there were slight differencesin
reference conditions for TN, SCHL, and water clarity in
wadeable streams; however, reference TP concentrations
were similar throughout the State (table 1; Robertson and
others, 20064). Streams in areas with high clay-content
soils (Zone 3in fig. 1) had dlightly lower reference con-
centrations of TN and SCHL and poorer clarity, and the TP
concentrations were more responsive to differencesin land
use than in streamsin the rest of the State. Despite varia-
tion in nutrient concentrations among wadeabl e streams
in different regions (especially lower nutrient concentra-
tionsin the northern part of the State), the responses of all
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of the biotic indices to changes in nutrient concentrations
were similar throughout the State. The watersheds of the
nonwadeable rivers, however, usually crossed several
ecoregions and environmental phosphorus zones; there-
fore, different regionalization schemes were not eval uated
in detail for the nonwadeable rivers.

Reference concentrations for TR, TN, SCHL, water
clarity (SD), and biotic indices for the nonwadeable rivers
were estimated by use of the multiple linear-regression
and percentile approaches. Water-quality datain nonwade-
able rivers were statistically compared with biotic indices
describing SCHL, macroinvertebrates, and fish to deter-
mine (1) how the biotic integrity of riversisrelated to dif-
ferences in nutrient concentrations, (2) whether thresholds
in TP and (or) TN concentrations can be defined above
which the biota are adversely affected, and (3) therela-
tions between environmental variables and the structure
of macroinvertebrate and fish communities. Two indices
were then developed to estimate TP and TN concentrations
in rivers on the basis of a combination of three indices
describing the structure of the biotic community. Results
from the nonwadeabl e rivers were then compared with
those from the wadeabl e streams (Robertson and others,
2006a; Wang and others, 2007).

Methods of Data Collection and
Analysis

Field Methods

Discharge, Water Chemistry, and Suspended
Chlorophyll a Concentrations

Discharge and water quality in each river were
sampled monthly over a 6-month period (May through
October 2003). This 6-month period represents the typical
growing season for Wisconsin'srivers and streams. Each
site was sampled near the middle of the month regardless
of flow conditions. If the site had an operating continuous-
record gage, discharge was determined on the basis of the
current stage/discharge relation (Rantz and others, 1982).
If the site had a discontinued continuous-record gage,
discharge was determined on the basis of the last stage/
discharge relation that was in effect when the gage was
operational. If the site never had a continuous-record gage,
discharge was estimated on the basis of relations devel-
oped between previous discharge measurements at the site
and measurements, adjusted for the drainage-arearatio,
from a nearby continuous-record gage.
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Figure 2. Sites on nonwadeable rivers in Wisconsin included in this study. Water-quality and biological data for each site are
given by site-identification number in the appendixes.



During each visit, field parameters (specific conduc-
tance (SC), water temperature, dissolved oxygen, and pH)
were measured at the time of sampling by use of a multi-
parameter meter. The meters were calibrated daily. Water
clarity was also measured by use of a 120-cm Secchi tube
[also referred to as atransparency tube (U.S. Environ-
mental Protection Agency, 2006)]. The Secchi tube was
filled with water collected from near the surface of the
river. The tube was then held perpendicular to the ground
and drained until the Secchi disk at the bottom of the tube
became visible. The water level in the tube was read to the
nearest centimeter and defined as the Secchi-tube depth
(SD). If the disk was visible when the tube was full, the
value was reported as greater than 120 cm.

During each visit, water samples were collected
with depth-integrating samplers according to the equal -
width-increment (EWI) method (Edwards and Glysson,
1999). If the river was wadeable at the time of sampling,
ahandheld sampler was used. When the river was too
deep or velocities too high, a cable-suspended sampler
was used. Samples from each location in a transect were
composited into a churn splitter and split into appropriate
bottles for laboratory analysis. Samples to be analyzed for
dissolved constituents were filtered in the field through
0.45-um membrane filters. Samplesto be analyzed for
SCHL were obtained by filtering a known volume of water
through a 5-pm membrane filter. The filter was then placed
in alabeled petri dish and wrapped in aluminum foil. All
samples were chilled until they were delivered to the Wis-
consin State Laboratory of Hygiene for analysis, except
samples to be analyzed for SCHL, which were frozen,
kept in the dark, and delivered to the WDNR Research
Laboratory. All samples were analyzed for TP, dissolved
phosphorus (DP), total Kjeldahl nitrogen (TKN), dissolved
nitrite plus nitrate nitrogen (NO,-N), dissolved ammonia
nitrogen (NH,-N), SCHL, and suspended sediment (SSC).
Total nitrogen was computed as the sum of TKN and
NO,-N. Particulate phosphorus (PP) was computed as the
difference between TP and DP. All chemical analyses of
water samples (except SCHL) were done by the Wisconsin
State Laboratory of Hygiene in accordance with standard
analytical procedures described in the “Manual of Analyti-
cal Methods, Inorganic Chemistry Unit” (Wisconsin State
Laboratory of Hygiene, 1993). At the WDNR Research
Laboratory, thefilters for SCHL analysis were placed
in tubes containing 90 percent acetone, stored at |east
24 hours, sonicated for 15 minutes, and stored an addi-
tional 24 hoursin afreezer. The trichromatic chlorophyll a
(SCHL) concentration in the samples was determined
by means of a USEPA-approved method (Greenberg and
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others, 1992). Throughout this report, the water-chemistry,
water-clarity, and SCHL data are collectively referred to as
“water-quality data.”

Macroinvertebrates

Macroinvertebrates samples were collected at each
site by the WDNR by use of modified Hester-Dendy arti-
ficial-substrate samplers during summer 2003. Sampling
methods were based upon those of the Ohio Environmental
Protection Agency (1987) regarding sampler construc-
tion and deployment. Three samplers were deployed at
each site and macroinvertebrates were allowed to colonize
them for 6 weeks starting in mid-June. Samplers were then
retrieved, organisms were scraped off, sample contents
were combined, and the organisms were preserved with
ethanol (EtOH) for laboratory processing. Samples were
sorted and identified by J. Dimick at the |aboratory of
Dr. Stanley Szczytko at the University of Wisconsin, Ste-
vens Point. A randomized grid-pan subsorting procedure
(Hilsenhoff, 1988) in combination with alarge-and-rare
organism search (Vinson and Hawkins, 1996) was used
to select at least 500 individual organisms and reduce the
sample to a manageable size. All macroinvertebrates were
identified to the lowest possible taxon.

Fish

Standard WDNR methods were used for collecting
fish-population data (Lyons and others, 2001). Sampling
occurred once in each river during daylight between June
and September from 1996 to 2004. An electrofishing
boat was steered downstream along one randomly chosen
shore for 1.6 km, adistance at which estimates of species
richness were shown to be asymptotic and insensitive to
variation in sampling effort (Lyons and others, 2001). One
person used a 19-mm (3/8-in. stretch-mesh) dip net and
tried to capture all of the fish seen. All captured fish were
identified, counted, weighed in aggregate by species, and
then released, except for afew specimens to confirm spe-
ciesidentification. All sites had considerable flow during
sampling.

Data Summaries

All of the water-quality data collected in this study
were input into the USGS National Water-Quality Infor-
mation System (NWIS) database (U.S. Geological Survey,
1998) and are summarized by median values for each site
in appendix 1. Median values were computed from the
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six individual monthly measurements. All data reported
as less than the detection limit were set to one-half of the
detection limit, and all SD data greater than 120 cm were
set to 120 cm prior to any statistical and graphical analy-
SES.

Fourteen assemblage measures were computed to
summarize the macroinvertebrate data, including spe-
ciesrichness (1 index), habitat (1) and pollution tolerance
(2), feeding ecology (3), and insect order (7). Tolerance
to depositional zones or substrates and feeding ecologies
were largely estimated based upon Merritt and Cummins
(1996). The Hilsenhoff Biotic Index (HBI; Hilsenhoff,
1988) and mean pollution tolerance value index (MPTV;
Lillie and Schlesser, 1994) represent the stress response
of the macroinvertebrate assemblage to organic pollution.
HBI and MPTV are on a 0-10 scale, with O represent-
ing no apparent organic pollution. The macroinvertebrate
index values for each site are summarized in appendix 2.

Eleven assemblage measures were computed to
summarize the fish data, including number of species and
percentage of individuals of native or riverine fish (three
indices), number of speciesin the sucker family Catasto-
midae, percentage of the biomass accounted for by round-
bodied suckers of the genera Cylceptus, Hypentelium,
Minytrema, and Moxostoma (Lyons and others, 2001),
number of speciesintolerant of degradation, weight per
unit effort (WPUE; one unit of effort equatesto 1.6 km;
this value excludes tolerant fish as defined by Lyons and
others, 2001), percentage of fish that spawn in stony
substrate (lithophilic), percentage of fish biomass that are
insectivores, percentage of fish with diseases, and an over-
all index of biotic integrity (1BI; Lyons and others, 2001).
All of the sites were in warm-water reaches (except one
site, described below), where summer water temperatures
excluded resident salmonids. Therefore awarm-water 1Bl
was computed (Lyons and others, 2001) that ranges from
0 to 100 with qualitative categories at 20-point increments
(for example, 80 to 100 represents an excellent fishery).
The fish metrics for each site are summarized in appen-
dix 3. Biotic data from one of the sites (White River near
Ashland) was not used in the analyses because it had cold
water and a cold-water fish assemblage that was not com-
parable to the warm-water assemblages at the other sites.
Therefore, only 41 sites were used to examine the response
of the biotic communities to differences in water quality.

Watershed Boundaries and Environmental
Characteristics

Watershed boundaries for the sampled rivers were
manually digitized from 1:24,000-scale USGS topographic
quadrangle maps (Henrich and Daniel, 1983). Coverages
of the environmental characteristics thought to affect the
water quality and biotain the rivers were compiled for
each watershed used in this study: land use/land cover
(based on data collected in 1992; Wisconsin Department
of Natural Resources, 1998), soil characteristics (from the
USSOIL S digital coverage of the State Soil Geographic
data base, STATSGO; Schwarz and Alexander, 1995),
types of surficial deposits (Fullerton and others, 2003),
annual average air temperature and annual total pre-
cipitation (National Climatic Data Center, 2002), annual
evaporation (Farnsworth and others, 1982), annual runoff
(Gebert and others, 1987), river length (Iength of the river
between the sampling location and the most upstream
location identified on the 1:24,000 hydrology GIS cover-
age; Wisconsin Department of Natural Resources, 2004),
and mean basin slope [computed based on 30-m digital-
elevation-model (DEM) data resampled to 100 m at the
sampling site and at the most upstream location identified
on the 1:24,000 hydrology GIS coverage and the river
length; U.S. Geological Survey, 1999; Wisconsin Depart-
ment of Natural Resources, 2004].

Coverages of all basin characteristics were compiled
in digital form by use of a GIS and were then used to
compute the average or percentage value for each envi-
ronmental characteristic for each of the 42 watersheds. A
summary of the environmental characteristics (with the
specific metric describing each environmental characteris-
tic) for al of the watersheds used in this study is given in
table 2.

Statistical Methods

The SAS statistical software package (SAS Institute,
Inc., 1989) was used for all statistical analyses except
for the redundancy analyses, which were done with the
CANOCO dtatistical software package (ter Braak and
Smilauer, 2002), and the regression-tree analyses, which
were done with the SPLUS statistical software package
(Lam, 2001).



Methods of Data Collection and Analysis 13

Table 2. Summary statistics for median monthly water quality collected in 2003 and environmental characteristics of the
watersheds of the study sites in nonwadeable rivers in Wisconsin.

[mg/L, milligram per liter; cm, centimeter; C, degrees Celsius; pS/cm, microsiemen per centimeter, %, percent; km?, square kilometer; mm, millimeter;
mm/yr, millimeter per year; (m¥s)/km?, (cubic meter per second) per square kilometer; km, kilometer; mm/hr, millimeter per hour; >, greater than;

--, unitless]
Characteristic Ablt)ir::ia- Units T::tsi:::- Count  Median Mean :;3?;?:: Minimum  Maximum
Water-quality characteristics
Total phosphorus TP mg/L log 42 0.109 0.132 0.111 0.023 0.497
Dissolved phosphorus DP mg/L log 42 .041 .053 .042 .012 .156
Parti cul ate phosphorus PP mg/L log 42 .053 .079 .077 .011 391
Total nitrogen TN mg/L log 42 1.268 1.707 1.280 .266 5.485
Dissolved nitrite plus NO,-N mg/L log 42 .395 .837 1.036 .011 3.770
nitrate
Dissolved ammonia NH,-N mg/L log 42 .024 .034 .027 .007 134
Total Kjeldahl nitrogen TKN mg/L log 42 .620 .848 547 .255 2.850
Suspended SCHL Ho/L log 42 7.31 18.47 253 1.74 130
chlorophyll a
Secchi-tube depth? SD cm none 42 60.5 71.8 40.0 12 >120
Suspended sediment SSC mg/L log 42 140 241 244 1.0 875
Water temperature WTemp C none 42 19.6 19.7 1.33 16.8 22.1
Specific conductance SC pS/cm none 42 295 364 234 78 904
pH pH standard none 42 8.18 8.15 .30 7.55 8.75
Color Color - none 42 34.4 36.3 21.2 5 80
Land-use characteristics
Urban Urb % % none 12 0.005 0.013 0.023 0.000 0.109
Agriculture (row AgRow % % none 42 122 152 134 .001 A79
crops)
Agriculture (other) AgOther % % none 42 138 .146 122 .004 .639
Total agriculture Ag % % none 42 294 .298 .230 .007 .867
Grassland Grass % % none 42 .098 .095 .049 .002 .188
Wetland (open) WetO % % none 42 .074 .080 .046 .001 211
Wetland (forested) WetF % % none 42 .079 .079 .057 .000 222
Barren Barren % % none 42 .009 .011 .009 .000 .036
Forest (all) For % % none 42 481 471 .243 .067 .865
Basin characteristics
Watershed area Area km? log 42 2,000 4,890 6,420 655 27,000
Air temperature ATemp C none 42 5.9 6.1 13 41 8.3
Precipitation PPT mm none 42 835 834 253 781 902
Evaporation Evap mm none 42 828 826 86.9 711 991
Runoff Runoff mm/yr none 42 255 260 49.1 356 181
River length Length km log 42 99.6 141 104 413 534
Basin slope BSlope degrees none 42 1.18 124 737 370 417
Flow per unit area Flow (md/s)/km? log 42 .008 011 .010 .003 .051
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Table 2. Summary statistics for median monthly water quality collected in 2003 and environmental characteristics of the
watersheds of the study sites in nonwadeable rivers in Wisconsin—Continued.

[mg/L, milligram per liter; cm, centimeter; C, degrees Celsius; pS/cm, microsiemen per centimeter, %, percent; km?, square kilometer; mm, millimeter;
mm/yr, millimeter per year; m¥/s/km?, cubic meter per second per square kilometer; km, kilometer; mm/hr, millimeter per hour; >, greater than;

--, unitless]
Characteristic Abb_revia- Units Trans_for- Count  Median Mean Sta'.'d?rd Minimum  Maximum
tion mation deviation
Soil characteristics
Clay content SClay % none 42 124 138 6.71 5.69 30.6
Erodibility Erod -- none 42 217 .218 .050 146 .369
Organic-matter content OM % none 42 9.42 7.78 452 .393 15.2
Permeability Perm mm/hr none 42 4.67 4.60 1.62 1.24 8.28
Soil slope SSlope % none 42 6.59 7.44 317 3.76 151
Surficial deposits

Nonglacial deposits NonGlac % none 42 0.3 185 325 0.0 1.0
Clay SDClay % none 42 A 6.7 9.9 .0 27.0
Loam Loam % none 42 .0 31 6.0 .0 30.8
Peat Peat % none 12 .0 7 1.0 .0 3.8
Sand Sand % none 42 30.2 39.3 31.9 .0 97.1
Sand and gravel SG % none 42 24.0 317 284 .0 89.4

a All values greater than 120 cm were set to 120 centimeters for computation of summary statistics; as a result, the mean values were biased low.

Normalization

Before statistical analyses were done, all water-
quality data except the SD data were logarithmically
transformed (base 10) to improve the normality of the data
The normality of the dataimproved, although not always
to the 5-percent-significance level (Shapiro-Wilk normal-
ity test; SAS Institute, Inc., 1989). In addition, watershed
areas were logarithmically transformed prior to statistical
analyses.

Correlations and Regressions

Spearman correlation analyses were used to deter-
mine the correlation (r_) between water-quality character-
istics, biotic indices, and environmental characteristics.
This nonparametric procedure was chosen to reduce the
influence of the assumption of normal-data distribu-
tions. The statistical significance of each correlation was
obtained by applying the Student’s t-test to the t statistic
(Spiegel and others, 2000); correlations were also exam-
ined by accounting for the effects of the number of tests
on the significance level by use of a Bonferroni correction
(Tukey, 1977). Pearson correlation (r) analyses were also
used to determine the relation between each water-quality

characteristic and each environmental characteristic prior
to the use of multiple regressions and forward stepwise-
regression analyses [with a probability (p) less than

(<) 0.05 asthe critical level for entry]. This procedure was
used to determine the magnitude of the interaction between
environmental characteristics and water-quality character-
istics, aswell as to determine the best multivariate relation
to estimate concentrations at a specific site as a function of
the environmental characteristicsin its watershed.

Simultaneous Partial Residualization

Other studies (such as Robertson and others, 2006b)
have shown that land use in the watershed not only directly
affects the water quality in ariver, but it is often strongly
correlated with the environmental characteristics used
to define regions of similar water quality (through the
indirect effects of land use). Therefore, in order to deter-
mine the relation between the water-quality characteristics
and the nonanthropogenic or natural characteristics, a
simultaneous partial-residualization approach (Robertson
and others, 2006b), related to partial correlation, was used
to remove agricultural and urban effects from the TP and
TN concentrations and from the measures of each of the
environmental characteristics.



In simple regression, the relation between the depen-
dent variable Y (for example, logarithmically transformed
TP) and a predictor variable X, (for example, the clay
content of the soil in the basin) can be measured by the
sample correlationr, .. If the variable X is regressed on
the variable X, (for example, the percentage of agricultural
area), the estimated regression equation X, , =, + B, X,
would be obtained. To adjust X, for the effectsof X, a
residualized X, X", can be obtained by computing X, =
X, =X, ,- Inamanner similar to smple correlation, the
strength of the relation between Y and X, adjusted for X,
(in this case, land use) can be obtained by the correlation
between the residuals for Y on X, (Y”) and the residual's
for X, on X, (X,"). Theresulting correlation is the partial
correlation of Y and X, adjusted for X.; the strength of the
relation between Y and X, has been adjusted for the effects
of X,. This approach, described by Weisberg (1980), is
easily extended to control for more than one variable; X,
can be replaced by an arbitrary set of variables. In this
study, the residualization approach was used to remove the
effects of the percentages of agricultural and urban areas to
allow examinations of the relations between the dependent
variables TP, TN, SCHL, and SD and all of the nonanthro-
pogenic environmental characteristics. Residualizations of
TP, TN, and SCHL were done on logarithmically trans-
formed data to account for the nonlinear relations between
water-quality concentrations and the percentages of agri-
cultural and urban land uses. Spearman correlations and
forward-stepwise regressions were done with raw data and
with residualized data to determine which environmen-
tal characteristics best described the distribution of each
water-quality characteristic. The residualization approach
was not used to examine relations between environmental
characteristics and the biotic indices.

Regression-Tree Analysis to Define
Thresholds or Breakpoints

One approach to defining nutrient criteriaisto
identify thresholds or breakpoints in the response between
nutrient concentrations and biotic indices (U.S. Environ-
mental Protection Agency, 20004). Defining a specific
threshold or breakpoint in a response curve of a specific
biotic index is straightforward if the curve is well defined
and has an abrupt breakpoint (fig. 3A); however, the
response curves in many biotic indices are poorly defined
and have broad breskpoints (fig. 3B). In the case of indices
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with broad thresholds, it is very difficult to define the
concentration at which the index first begins to change.
For the biotic indices, the thresholds or breakpoints were
defined as the concentrations at which the rate of response
is greatest and, therefore, represents a critical concentra-
tion with ecological significance. Regression-tree analyses
(Breiman and others, 1984) were used to determine thresh-
olds or breakpoints (most abrupt responses) in the rela-
tions between nutrient concentrations and a biotic index.
Regression-tree analysis sequentially partitions the data
for each independent variable into two groups and exam-
ines the differences in the mean values of the dependent
variable on the basis of the least-square-error criterion.
The least-square-error criterion allows identification of
breakpoints that maximize intergroup means relative to
the intragroup variance. Only one independent variable
(for example, TP or TN) and one dependent variable (for
example, IBl) were used at atime; thus, the regression-tree
analysis was forced to divide the data for the dependent
variable into two groups with highly contrasting means
relative to intragroup variances. To determine whether the
intergroup means identified by the breakpointsin TP and
TN concentrations were statistically different, two-sample
student t-tests were done on the basis of assumed equal
and unequal variances.

Redundancy Analysis

Redundancy analysis (RDA) isaform of direct-gradi-
ent analysis that describes the variation between two mul-
tivariate data sets (for example, water-quality characteris-
tics and biotic-assemblage data) as afunction of multiple
axes that are combinations of the explanatory character-
istics (ter Braak and Prentice, 1988). The correlation of
the explanatory characteristics with each axis indicates
the strength of its relationship with the water-quality, fish,
or macroinvertebrate characteristics. RDA is appropriate
for data sets having short gradients and linear responses
by the dependent variables. Detrended correspondence
analysis demonstrated that gradient lengths were less than
2.4, which indicated that RDA was the appropriate form of
analysis to be used. RDA was used to determine the rela-
tive importance of specific explanatory characteristics to
specific nutrient, fish, or macroinvertebrate characteristics
and the most important characteristics within a specific
category of characteristics (such as watershed characteris-
tics).
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In addition, partial RDA (Richards and others, 1996)
was used to determine the fraction of the variance in the
water-quality characteristics explained by specific catego-
ries of environmental characteristics (such as land-use,
basin, and soil/surficial-deposit characteristics) and to
determine the fraction of the variance in the macroinver-
tebrate- and fish-assemblage data explained by specific
categories of environmental characteristics (such as
nutrient characteristics and environmental characteristics).
Monte Carlo permutation tests with 100 iterations, the
default number of iterationsin CANOCO, were used to
determine the validity of the total and partial RDA results.
Monte Carlo tests were done by randomly permutating the
assignment of the independent (environmental) data to the
dependent (water-quality or biological) data and repeating
the ordinations (Richards and others, 1996; Johnson and
others, 1997).

Statistical Differences among Groups

To determine whether any apparent differences
among groupings of data (such as sites with nutrient
concentration near reference concentrations compared to
sites with high nutrient concentrations) were statistically
significant, a nonparametric Kruskal-Wallis rank-analysis-
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of-variance test was used (SAS Institute, Inc., 1989). The
probability of all statistically significant differences occur-
ring by chance was less than 5 percent (p < 0.05), unless
otherwise specified.

Graphical Techniques

Bivariate scatterplots were used to demonstrate
relations between specific variables graphically. On the
bivariate scatterplots between nutrient concentrations
and specific biotic indices, LOESS-smoothing lines with
95-percent confidence intervals (computed with SAS)
were used to highlight trends. LOESS is a nonparametric
method of estimating regression surfaces while making
no assumptions about the relation (Cleveland and others,
1988). The default method within SAS was used to
determine the value of the smoothing parameter in the
LOESS fit, unless otherwise specified. The default method
minimizes a bias-corrected Akaike's Information Criterion
(AIC) (Hurvich and others, 1998), which balances the
residual sum of sguares against the smoothness of the fit.
A smoothing parameter larger than the default value was
used in some cases to smooth the relation between two
variables further.
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Water Quality and Its Relations with Environmental
Characteristics in the Watershed

U.S. Geological Survey personnel processing water samples and collecting streamflow measurements.

Median TP concentrations at the 42 sites ranged from
0.023t0 0.497 mg/L (table 2, pages 13 and 14). The over-
all median and mean of the 42 individual medians were
0.109 and 0.132 mg/L, respectively. Highest concentra-
tions were measured in the southern and western parts of
the State, and lowest concentrations were measured in the
most northern rivers (fig. 4). There was a distinct season-
ality in TP concentrations, with highest concentrations
measured in July and lowest concentrations measured in
October (table 3).

Median DP concentrations ranged from 0.012 to
0.156 mg/L (table 2). The overall median and mean were
0.041 and 0.053 mg/L, respectively. Similar to TP, the
highest concentrations were measured in the southern and
western parts of the State, and lowest concentrations were
measured in the most northern rivers (fig. 4). Median DP
concentrations were strongly correlated to TP concentra-
tions (r_ = 0.89; table 4). However, unlike TP, there was
little seasonality in DP concentrations (table 3). DP repre-
sented about 23 to 36 percent of the TP,

Median TN concentrations ranged from 0.266 to
5.485 mg/L (table 2). The overall median and mean were

1.268 and 1.707 mg/L, respectively. Highest median TN
concentrations were measured in the southern and western
parts of the State and lowest concentrations were measured
in the northern part of the State (fig. 5). Highest TN con-
centrations were measured in May and then concentrations
slowly decreased as summer progressed (table 3).

Median NO_-N concentrations ranged from 0.011
to 3.770 mg/L (table 2). The overall median and mean
were 0.395 and 0.837 mg/L, respectively. Median NH,-N
concentrations ranged from 0.007 mg/L (less than the
0.013 mg/L detection limit) to 0.134 mg/L. The overall
median and mean were 0.024 and 0.034 mg/L, respec-
tively. Median TKN concentrations ranged from 0.255 to
2.850 mg/L. The overall median and mean were 0.620 and
0.848 mgl/L, respectively. Nitrogen (N) was about equally
divided between dissolved and particulate formsin all
months. Highest NO,-N, NH-N, and TKN concentrations
were generally found in southern parts of the State, and
lowest concentrations were found in the northern part of
the State except for NH-N, for which lowest concentra-
tions were found in the western and central parts of the
State (fig. 5).



Water Quality and Its Relations with Environmental Characteristics in the Watershed

Median SCHL concentrations ranged from 1.74 to
130 pg/L (table 2). The overall median and mean were
7.31 and 18.47 pg/L, respectively. Highest SCHL con-
centrations were in the southern quarter of the State, and
lowest concentrations were in northern part of the State
(fig. 6). Highest SCHL concentrations were measured in
August, and lowest concentrations were measured in May
and October (table 3).

Median SDs ranged from 12 cm to greater than
120 cm (table 2). A few sites consistently had clarities
greater than the length of the Secchi tube. The overall
median and mean were 60.5 and 71.8 cm, respectively.
Highest SDs (the best clarities) werein riversin the
northern quarter of the State, and lowest SDs (the worst
clarities) were in riversin the southern quarter of the State
(fig. 6). Lowest SDs were measured during May through
July, and the highest SDs were measured during Septem-
ber and October (table 3).

Total phosphorus (TP)
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Relations between Water Quality and
Environmental Characteristics in the
Watershed

Correlations between Individual
Characteristics

Spearman correlation coefficients (r_ values) between
the water-quality characteristics are given in table 4.
Concentrations of TP and DP were significantly corre-
lated with TN, NO_-N, and TKN (r, values ranged from
0.51 to 0.89). Correlations between TP and the N species
were sightly stronger than between DP and the N species.
Concentrations of TN were strongly correlated to NO,-N
and TKN (r = 0.88 and 0.75, respectively) because each
made up about 50 percent of the N. Concentrations of
NH,-N were more strongly correlated to TKN (r_ = 0.40)
than they were to TN and NO_-N (r_ = 0.30 and 0.22,
respectively). NH,-N isalarger part of TKN than of TN;
therefore, astronger correlation between NH,-N and TKN
was expected.

Dissolved phosphorus (DP)

[J0012-0015
™ 0.016-0.020
[ 0.021-0.063
I 0.064-0.083 .
I 0.084-0.156

Figure 4. Distributions (quintiles) for median monthly total phosphorus (TP) and dissolved phosphorus (DP) concentrations

for the studied nonwadeable rivers in Wisconsin, 2003.
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Table 3. Median and average monthly concentrations for total, dissolved, and particulate phosphorus, suspended chlorophyll a,
total nitrogen, nitrite plus nitrate, ammonia, Kjeldahl nitrogen, and Secchi-tube depth in the studied nonwadeable rivers in
Wisconsin, 2003.

[All concentrations are in milligrams per liter, except chlorophyll a, which isin micrograms per liter, and Secchi-tube depth, which isin centimeters]

Month Total phosphorus Dissolved phosphorus Particulate phosphorus
Median Average Median Average Median Average
May 0.094 0.122 0.034 0.044 0.054 0.078
June 118 142 .031 .052 .066 .090
July 136 164 .045 .062 .064 102
August 105 145 .024 .060 .059 .086
September 110 133 .039 .064 .048 .069
October .070 .099 .023 .043 .036 .057
May—October .109 132 .041 .053 .053 .079
Month Suspended chlorophyll a Secchi-tube depth Total nitrogen
Median Average Median Average Median Average
May 6.95 17.82 57.0 67.6 1.443 1.956
June 8.15 24.97 56.0 64.5 1.369 1.653
July 7.71 27.83 55.5 66.1 1.376 1.983
August 113 28.71 59.0 73.1 1.133 1.538
September 7.71 14.53 76.0 74.8 1.260 1.790
October 574 16.10 94.5 85.2 1.193 1.525
M ay—October 7.31 18.47 60.5 718 1.268 1.707
Month Dissolved nitrite plus nitrate Dissolved ammonia Total Kjeldahl nitrogen
Median Average Median Average Median Average
May 0.435 0.997 0.036 0.054 0.840 0.959
June .337 .786 .043 .053 .710 .867
July .358 .984 .026 .052 .710 .999
August 199 744 .019 .023 .520 794
September .545 .975 .022 .057 .680 .814
October .358 .800 .007 .017 .555 725

May—October .395 .837 .024 .034 .620 .848
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Figure 5. Distributions (quintiles) for median monthly total nitrogen (TN), total Keldahl nitrogen (TKN), dissolved nitrite plus
nitrate nitrogen (NO,-N), and dissolved ammonia nitrogen (NH,-N) for the studied nonwadeable rivers in Wisconsin, 2003.
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Suspended chlorophyll a (SCHL)
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Figure 6. Distributions (quintiles) for median monthly suspended chlorophyll a (SCHL) and Secchi-tube depth (SD) for the

studied nonwadeable rivers in Wisconsin, 2003.

All water-quality characteristics were significantly
correlated with some environmental characteristics (land-
use, basin, soil, and surficial-deposit characteristics;
table 4); however, they were most strongly correlated with
characteristics describing the land use (presence of agricul-
ture or absence of forest), the basin (air temperature, pre-
cipitation, evaporation, and runoff), and the soil/surficial
deposits (clay content, erodibility, organic-matter content,
and permeability). In general, TN, NO,-N, TKN, TP, and
DP were correlated with the same environmental char-
acteristics. Concentrations of NH,-N were less strongly
correlated with the nonanthropogenic or natural environ-
mental characteristics (basin and soil/surficial-deposit
characteristics) than the other water-quality characteristics.
Concentrations of NH,-N were most strongly correlated
with soil slope and content of clay in the surficial deposits
(r,=-0.41 and 0.48, respectively).

Concentrations of SCHL were significantly correlated
with most nutrient constituents: most strongly correlated
with TKN and TP (r_= 0.86 and 0.66, respectively), less
strongly correlated with TN, DP, and NO,-N (r_=0.59 to
r.=0.37), and insignificantly correlated with NH,-N (r_=
0.16). Concentrations of SCHL were significantly corre-
lated with SDs (r_ = -0.76), SSC concentrations (r = 0.66),
and pH (r_= 0.63). Concentrations of SCHL were signifi-

cantly correlated with most environmental characteristics;
however, they were most strongly correlated with land-use
characteristics [positively correlated with the percentages
of urban area (Urb %) and total agricultural area (Ag %),
and negatively correlated with the percentage of forest
(For %)], basin characteristics describing the air tempera-
ture, evaporation, and runoff from the watershed, and soil
properties in the watershed (clay content and erodibility).
SDswere most strongly correlated with many of the
same characteristics as SCHL ; however, SDs were more
strongly correlated with most characteristics, and were
especially more correlated with TN, DP, NO,-N, SSC, and
clay content. Similar results were obtained if only sites
with SDsless than 120 cm were included in the analysis,
however, the correlation coefficients were dightly smaller.
Many of the natural characteristics were strongly cor-
related with the land-use characteristics, primarily Ag %,
and less strongly with Urb % (table 4). For example, air
temperature, precipitation, evaporation, and runoff were
strongly correlated with Ag %. Therefore, even if the land-
use characteristics were not included in further statisti-
cal analyses, their effects could be incorporated into the
final results by use of natural characteristics such asair
temperature. To examine the relations between the natural
characteristics and the water-quality characteristics further,
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the relations between the land-use characteristics (Ag %
and Urb %) and TR, TN, SCHL, and SD were removed by
use of simultaneous partial-residualization. Residualized
TP, TN, and SCHL concentrations and SDs were computed
with equations 1-8 (the coefficient of determination (R?)
isgiven for each characteristic):

Log TP, =Log TP, —Log TP, iien D

Measured
where
Log TP, e = ~1.455 + 1.384 Ag % +
0.659 Urb %, and 2
R?2=0.72;
Log TN =LOg TN, es —LOI TN i 3
where
Log TN, iqeq = -0-289 + 1.252 Ag % +
2.044 Urb %, and 4
R?=0.84;
Log SCHL_, =LogSCHL, . ..,—LogSCHL, ..., (5
where
Log SCHL ;s = 0.596 + 1.052 Ag % —
5.608 Urb %, and (6)
R?2=0.41;
SDR% = SDMeasured - SDPredicted ! (7)
where
D, icteq = 110.4—115.9 Ag % —
307.9 Urb %, and (8
R?=0.54.

Residual transformations were also applied to al of the
other water-quality and environmental characteristics.

Residualized concentrations and SDs were still
significantly correlated with many residualized environ-
mental characteristics; however, they were not as strongly
correlated (table 5). Residualized nutrient concentrations
were most strongly correlated with residualized runoff and
evaporation. In addition to these characteristics, residual-
ized TN was significantly correlated with residualized clay
content.

The correlation coefficients between the residualized
variables revealed that highest TP and DP concentrations

were measured in areas with low runoff and high evapora-
tion. Highest TN, NO,-N, and TKN concentrations were
measured in areas with low runoff, and soils or surficial
deposits with low clay content, low erodibility, high
permeability, and high amounts of sand and gravel. High-
est NH,-N concentrations were measured in areas with
low evaporation and high organic-matter content. High-
est SCHL concentrations were measured in long rivers
in large watersheds with low basin slopes. Highest SDs
were measured in areas with low evaporation and cool air
temperatures.

Many of the natural characteristics, such as clay
content, erodibility, and permeability of the soil were
so strongly correlated with Ag % that their relations to
water quality may have been removed by the residualiza-
tion approach. Therefore, the use of the residualization
approach may not provide a complete description of the
characteristics affecting water quality.

Effects of Multiple Environmental
Characteristics on Water Quality

Stepwise Regression

Forward stepwise regressions were done with all of
the environmental characteristics to determine which three
environmental characteristics best described the variance
in TR, TN, and SCHL concentrations and SDs, then with
only the natural (non-land-use) characteristics, and then
with residualized characteristics (whose correlations with
land-use characteristics had been removed). Models with
more than three variables did not significantly increase the
amount of variance explained (accumulative R? values).

Runoff was the first variable incorporated into the TP
model; the second and third variables were the percent-
ages of forested wetland (WetF %) and For %, respectively
(table 6). Callectively, this model explained 89 percent of
the variance in TP concentrations. If the land-use charac-
teristics were omitted from the analysis, runoff remained
the first variable incorporated into the model, evaporation
was second, and the percentage of clay deposits was third;
these three variables explained 86 percent of the vari-
ance. After the characteristics were adjusted to remove the
land-use effects, residualized runoff was the first variable
incorporated into the model, residualized clay deposits
was second, and residualized air temperature was third;
these three variables explained 56 percent of the variance
in residualized total phosphorus concentrations (TP,_).



isconsin

Wi

ivers in

Nutrient Concentrations and Their Relations to the Biotic Integrity of Nonwadeable R

26

€0’ TO [0) 9 A ra TO €0~ 20 eae un sod mo4
G- 62 ev'- 1S 8T’ 4% 8e- S0 9g'- ados usseq
114 oT- TE (0] 60"~ oT- L0 LT~ 0} Wbus| leAy
oe'- 62 €e- T VA - 8- ve'- VA Houny
er T~ 80"~ VA7 1A S 9 T o’ uolelodens
80"~ LT~ 12~ oeg- L €T 45 80’ 44 uonedisid
oc 85~ T A €0’ 0} 67’ v ey ainedus) 11y
or ¥0'- €e qT- - ¥0'- 60 LT~ Q0 e9.1e paySeTeM
sonsLgloeIRYd UISey
1 ve 144 €e e €0~ Gc'- oe'- 8¢'- 10]0D
4 - S 6T - er- 9T~ T T~ L0 Hd
0c'- 9Q L0° A 90~ 80~ ve'- €T ac- 90UeINPUOD 21410903
€9’ 6T~ 9g oT"- 8¢~ - 4 6T~ ST aunresedwsl BB
1% G- 1T ac- 44 8¢ 18 9 oL B Ipas papuadsns
8- 00T L€~ 4% €0 LT~ 08"~ 1% 8.~ Lpdop agNi-14oas
00T 8y’ oL - LT L0 85’ €0 Ly © ||Aydo.ojuyo papusdsns
9L L€~ 00T 44 60"~ 62 1h4 90"~ 123 uaBouiu |uepp [y eloL
T~ AN [4<4 00T 90’ 0 €e- T oT'- Bluowue paAjossig
LT~ €0 60" 90’ 00T LL T €e LT dleJyu sn|d S1LIHU PBA|OSSI]
L0° LT~ 62 o) Ll 00T 15 A e uebonu oL
89’ 08'- 1h4 € T A 00T 15 L9 snioydsoyd e nonted
€0~ ve- 90~ 1A ee’ A =15 00T L9 snuoydsoyd paA(ossid
L¥0 8.°0- €0 oT°0- LT0 €0 160 190 00T snioydsoyd [ejoL
sonsualoeleyd Aljenb-ialepn
e |JAydoiojyo ypdap uaboniu eluowwe ajeniu snid uabosniu snioydsoyd snioydsoyd  snioydsoyd snsuajoeieys
papuadsng aqn)-1yaaag |yepjaly |eyol  panjossiq  aMJyu panjossiq |elol aje|naiued panjossig |eyop

[Plog uiase T Uey) loeab anjen ainjosge Ue ylimsanen °J e ‘jusuish foe 1uoeuog
oU 3IMm e JIuBS A|[eoliSIIes ae 620 Uey) Jolealb anfen ain|osge Ue Uiim sanfen 1 pue juswishipe iuolejuog Yim (S0'0 > d) ueaubis Ajjesnsiess ale Ti°0 Uey) jo3eaiB anjen ainjosae te yyimsangen *l |v]

"UISUODSIA Ul SIBALI 8]qBAPRMUOU PAIPNIS 8} 10} SONSLIBlORIRYD

(usodap-|e1o14Ins pue ‘|10 ‘UISeq) |eluaWUolIAUS pazijenpisal oioads pue ‘syidap aqni-1yd98g UeIpaW ‘sucieRuaIu0d 2 |JAydolojya pue ‘eluowwe ‘usboiuu [yep|aly (8101 ‘a1eau
snjd e1mu ‘uaboau ‘snioydsoyd s1enanJed pue ‘paajossIp ‘|e10] UeIpawW pawiojsuel) Ajjeaiwyiebol pazijenpisal usamiaqg (/) S1UBIO1809 UONE|8LI00 UewieadS g ajqe)



27

tal Characteristics in the Watershed

ions with Environmen

Water Quality and Its Relat

L0° LT 4 8e” orT 14 ve'- og'- 8¢~ prelb pue pues
14 €0~ 60° 60~ LE- ve'- <o) 90 orT pues
14 10°- (4 S0~ LT 60"~ €0~ 4% €0’ Tead
er L0 80" or- 143 20 €0’ cr- 20'- weo
0 S0 14 aT oe 174 €0~ oT"- L0~ Ke;o
€e- 1C- - av- L0 10 4 |74 44 siisodep [eloe|BUON
sonsiiaoeleyd usodap-|e1oing
9e™- 60"~ 8g"- ce- orT 60"~ orT 60° 90 adoss |10S
T ¥0'- ™ 4 T 6 S0 80"~ 10’ Anjigeswied
80 60° eV 9 o~ 4% A LT ve'- 1USIU0D JBNRW-O1UellIO
90~ 20- ge'- LE- TC- ov'- S0 10° €0~ Angipoi3
8T 0- ¥1°0- LE0- 020~ T€0- 670~ 100~ ¥1°0- Zro- W00 A0
sonsialaeleyd [10S
e [JAydoiojya ypdap uaboniu ejuowwe ajeniu snid uafoniu snioydsoyd smioydsoyd  snioydsoyd onsuajoeieys
papuadsng agn)-1yaaag |yepjaly |eyol  panjossiq  aMJu panjoessiq |elol aje|naed panjossig |eop

[Plog uiase T Uey) loeab anjen ainjosge Ue ylimsanen °J e ‘jusuish foe 1uoeuog
oU U3IMm e jIUBS A|[eoliSIiels ae 620 eyl Jolealb anfen ain|osge Ue Uiim sanfen 1 pue juswishipe iuoLejuog Yim (S0'0 > d) ueaubis Ajjesnsiess ale Ti°0 Uey jo3eaiB anjen ainjosae te yyimsangen *l |v]

"PaNUIUOY—UISUOISIA Ul SIBALI 8]qROPRMUOU PBIPNIS 8} 10} SONSLIBlORIRYD
(usodap-|e1o14Ins pue ‘|10 ‘UISeq) |eluaWUolIAUS pazijenpisal oioads pue ‘syidap aqni-1yd98g UeIpaW ‘sucieRuaIu0d 2 |JAydolojya pue ‘eluowwe ‘usboiuu [yep|aly (8101 ‘a1eau
snjd e1mu ‘uaboau ‘snioydsoyd s1enanJed pue ‘paajossIp ‘|e10] UeIpawW pawiojsuel) Ajjeaiwyiebol pazijenpisal usamiaqg (/) S1UBIO1809 UONE|8LI00 UewieadS g ajqe)



28 Nutrient Concentrations and Their Relations to the Biotic Integrity of Nonwadeable Rivers in Wisconsin

Table 6. Results from forward stepwise-regression analyses to explain variability in raw and residualized water-quality

concentrations in the studied nonwadeable rivers in Wisconsin.

[All regressions were on log-transformed concentrations; r, Pearson correlation coefficient; R?, coefficient of determination for the one-,
residualized characteristics)

two-, and three-variable models;

;e

Dependent variable

First variable Second variable

Third variable

Total phosphorus (TP)

All environmental characteristics

TP Runoff Wetland (forested) Forest (all)
r -0.90 -0.81 -0.87
Accumulative R? .81 .87 .89
No land-use char acteristics
TP Runoff Evaporation Clay deposits
r -.90 .88 -.08
Accumulative R? .81 .85 .86
Residualized characteristics
TP Runoff_ Clay deposits, Air temperature,
r -.67 -.15 158
Accumul ative R? 45 153 .56
Total nitrogen (TN)
All environmental characteristics
TN Forest (all) Runoff Wetland (open)
r -.92 -.89 -27
Accumulative R? .86 .89 .90
No land-use characteristics
TN Runoff Precipitation Sand-and-gravel deposits
r -.89 .76 -22
Accumulative R? .80 .83 .87
Residualized characteristics
TN Runoff Clay content,_ Precipitation,
r -57 -.53 .25
Accumulative R? .32 .55 .65
Suspended chlorophyll a (SCHL)
All environmental characteristics
SCHL Total Kjeldahl nitrogen Dissolved ammonia River length
r .89 21 .18
Accumulative R? .79 .83 .84
No land-use char acteristics
SCHL Total Kjeldahl nitrogen Dissolved ammonia River length
r .89 21 .18
Accumulative R? .79 .83 .84
Residualized characteristics
SCHL . Total Kjeldahl nitrogen Total nitrogen Organic-matter content,
r .53 .03 .08
Accumulative R? .28 .56 71
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Table 6. Results from forward stepwise-regression analyses to explain variability in raw and residualized water-quality
concentrations in the studied nonwadeable rivers in Wisconsin—Continued.

[All regressions were on log-transformed concentrations; r, Pearson correlation coefficient; R?, coefficient of determination for the one-,

two-, and three-variable models; ., residualized characteristics]

Dependent variable First variable

Second variable Third variable

Secchi-tube depth (SD)

All environmental characteristics

SD Parti culate phosphorus
r -0.92
Accumulative R? .84

No land-use char acteristics
SD Particulate phosphorus
r -.92
Accumulative R? .84

Residualized characteristics

SD,.. Air Temperature,
r -.52
Accumulative R? .27

Suspended sediment Organic-matter content
-0.90 0.48
.86 .88
Suspended sediment Organic-matter content
-.90 48
.86 .88
Suspended sediment Total nitrogen
-.49 -.03
41 .65

The difference in the amount of variance explained by the
first two regression models was caused by the removal

of the effects of the land-use characteristics that were not
correlated with other environmental characteristicsin the
second model. The large difference between the amounts
of variance explained by the last two regressions was
caused by the removal of al of the effects of the land-use
characteristics, including the independent (direct) effects
and correlated (indirect) effects on the other variables.

For % was the first variable incorporated into the TN
model, runoff was the second, and WetO % was the third;
these three variables explained 90 percent of the variance
in TN concentrations. If the land-use characteristics were
omitted from the analysis, runoff was the first variable,
precipitation was the second, and the percentage of sand-
and-gravel deposits was the third. After the characteristics
were adjusted to remove the land-use effects, residual-
ized runoff was the first variable included in the model,
residualized clay content was the second, and residual -
ized precipitation was the third. This model collectively
explained 65 percent of the variance in residualized total
nitrogen concentrations (TN,,).

For both of these constituents, removing the effects
of land use moderately reduced the amount of variability
explained by the models. When the direct and indirect
effects of the land-use characteristics were included in
the models, 89 to 90 percent of the variance could be

explained with three variables; however, when al of the
land-use effects were removed, the model s explained about
55 to 65 percent of the variance.

To develop regression models to predict SCHL and
SD, al of the water-quality characteristics and environmen-
tal characteristics were included. The TKN concentration
was the first variable incorporated into the SCHL model,
NH,-N was the second, and stream length was the third,
these three variables explained 84 percent of the variance in
SCHL concentrations. If the land-use characteristics were
omitted from the analysis, similar results were obtained.
After the environmental characteristics were adjusted
to remove the land-use effects, TKN remained the first
variable incorporated in the model; however, TN was the
second variable, and residualized organic-matter content
was the third; these three variables explained 71 percent of
the total variance.

Particulate phosphorus (PP) was the first variable
incorporated into the SD model, SSC was the second, and
organic-matter content was the third; these three variables
explained 88 percent of the variance in SDs. If the land-
use characteristics were omitted from the analysis, similar
results were obtained. After the environmental characteris-
tics were adjusted to remove the land-use effects, residual-
ized air temperature was the first variable included in the
model, SSC was the second, and TN was the third; these
three variables explained 65 percent of the total variance.
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Removing the land-use effects from the environmen-
tal characteristics included in the analysis had little effect
on the amount of variability explained by the SCHL and
SD models (second model). The land-use characteristics
were strongly correlated with nutrient concentrations, and
therefore, a similar amount of variability was explained
whether or not the land-use characteristics or the nutrient
concentrations were included. The models used to predict
residualized SCHL and SD provided less predictability
because much of the variability in SCHL and SD was
removed in the residualization process.

Redundancy Analysis

Each of the four primary water-quality characteristics
(TR, TN, SCHL, and SD) has been shown to be related to
the land-use characteristics and other characteristics of the
watershed upstream from the assessment site. Partial RDA
was used to determine the relative importance of each of
the general categories of environmental characteristics to
the distribution of overall water quality, as defined by these
four water-quality characteristics.

The three main categories of environmental charac-
teristics—Iland-use characteristics, basin characteristics,
and soil/surficial-deposit characteristics (table 2)—were
used in the partial RDA. A two-step process was used to
select three characteristics to describe each category. The
characteristics that were most significantly correlated
with the individual water-quality characteristicsin each
category wereinitialy chosen. Thefinal characteristicsin
each category were then chosen to have minimal correla-
tions among themselves. For example, Ag % and For %
were both strongly correlated with water quality; however,
both were not chosen for the land-use category because
they were strongly correlated to one another. The land-use
category was described by Ag %, Urb %, and WetO %.
The basin characteristics were described by watershed
area (logarithmically transformed), runoff, and basin
dope. Soils/surficial deposits were described by the clay
content of the soils, organic-matter content of the soils,
and soil slope. The land-use category reflects the extent of
human intervention—characteristics that may be altered.
The basin and soil/surficial-deposit categories reflect the
topographical and geological effects—characteristics that
cannot be altered.

Thetotal variance in the four water-quality charac-
teristics was separated into five categories. (1) variance
explained by the land-use characteristics alone, (2) vari-

ance explained by soil/surficial-deposit characteristics
alone, (3) variance explained by the basin characteristics
alone, (4) variance explained by the interactions of land-
use, soil/surficial-deposit, and basin characteristics (vari-
ance that could not be assigned to a single category), and
(5) variance not explained by these characteristics. Results
from the partial RDA indicated that the nine characteristics
collectively explained 74 percent of the variance (p < 0.01)
in water quality (TP, TN, SCHL, and SD). Independently,
the land-use characteristics explained 9 percent of the total
variance (12 percent of the explained variance; p < 0.05;
fig. 7), the soil/surficial-deposit characteristics explained
12 percent of the total variance (16 percent of the
explained variance; p < 0.01), and the basin characteristics
explained 10 percent of the total variance (14 percent of
the explained variance; p < 0.01). The shared contribution
or interactions of al three general categories of environ-
mental characteristics explained 43 of the total variance
(58 percent of the explained variance). Therefore, much of
the variance in water quality could not be explained by a
single category of environmental characteristics.

RDA was also used to determine which of the envi-
ronmental characteristics explained the most variancein
overall water quality (TP, TN, SCHL, and SD). In RDA,
asin principal-component analysis, the explained variance
is separated into a series of ordination (canonical) axes.
Almost al of the variance in this analysis was explained
on thefirst canonical axis. The scores on the first axis
(table 7) indicate the water-quality characteristics with
the most explained variance and the importance of the
individual environmental characteristicsin explaining this
variance. SD had the highest scores (absolute values) on
the first canonical axis; these scores indicate that more of
its variance was explained by the environmental character-
istics than were the variancesin TR, TN, and SCHL. The
most important characteristics explaining the variance in
these four water-quality characteristics in descending order
of axis score were Ag %, runoff, clay content, organic-
matter content, and Urb %. The relations between the
environmental characteristics and water-quality character-
istics can be determined by comparing their respective axis
scores. Areas with low runoff, high Ag %, high Urb %,
and soils with high clay content and low organic-matter
content had the highest nutrient and SCHL concentrations
and the worst water clarity. These results agree with the
findings of the correlation and regression analyses.
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Table 7. Results from redundancy analysis between water-
quality and environmental (land-use, basin, and soil/surficial
deposit) characteristics for the studied nonwadeable rivers in
Wisconsin.

[log, logarithm to base 10 transformation)

First canonical

axis score
Water-quality constituents
Total phosphorus (log) -0.79
Total nitrogen (log) -.79
Suspended chlorophyll a (1og) -.67
Secchi-tube depth .86
Land-use characteristics
Total agriculture -.85
Urban -.52
Wetland (open) A7
Basin characteristics
Watershed area (log) A1
Runoff .85
Basin slope 27

Soil/surficial-deposit characteristics

Clay content -.84
QOrganic-matter content .56
Soil slope -.09

Figure 7.

A multiple-regression approach (similar to partial
RDA) was done to determine how the total variancesin
SDs and SCHL, independently, could be separated into
four categories: (1) variance explained by nutrients alone
(TR, DP,NO,-N, NH-N, and TKN; PP and TN were not
included because they were computed from the other
constituents), (2) variance explained by environmen-
tal characteristics aone (the same nine environmental
characteristics that were used in the partial RDA for
water quality), (3) variance explained by the interactions
between nutrients and environmental characteristics, and
(4) variance not explained by these characteristics. In
this approach, three regressions were done for SD and
for SCHL: multiple regressions with all 15 variables,
with only the 6 nutrient constituents, and with only the
9 environmental characteristics. The first regression with
all 15 variables was used to determine the total variance
explained by all of the variables. The other two regressions
were used to partition the variance among the three catego-
ries. The amount of variance explained by the interaction
of the two categories was determined by equation 9:

EV =EV +EV

Interactions Nutrients

EV

Environmental All Variables ! (9)

where EV isthe variance explained by the specified group
of variables. The variance explained by each subset of vari-
ables alone was then determined by subtracting the vari-
ance explained by the interactions between the variables
from the total variance explained by a subset of variables.

General categories

[ Land-use characteristics

[ Basin characteristics

[ Soil/surficial-deposit characteristics
[ Interactions among categories

[ Unexplained

Percentages of variance in water quality [total phosphorus (TP), total nitrogen (TN), and suspended chlorophyll a

concentrations (SCHL) and Secchi-tube depth (SD)] described by land-use, basin, soil/surficial-deposit characteristics,
interactions among categories (variance that cannot be explained by a single category), and unexplained variance for the
studied nonwadeable rivers in Wisconsin. [%, percentage of total variance]
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For example, the variance explained by the nutrients alone Nutrients alone explained 22 and 19 percent of the total
isegual to the explained variance from the nutrient regres- variance in SCHL and SDs, respectively. The environmen-

sion minus the variance explained by the interactions: tal characteristics alone explained 6 to 7 percent of the
variance in SDs and SCHL concentrations, and the interac-
EV \wriens atone = EY nurients — EV interaction (10)  tions between the nutrients and environmental characteris-
tics explained 62 to 68 percent of the total variance in both
Results from this analysis indicated that these characteristics. Again, most of the total variability in these
15 characteristics collectively explained 90 and 94 percent two parameters could not be explained by the nutrients
of the variance in SCHL and SDs, respectively (fig. 8). alone.

A. Variation in suspended chlorophyll a (SCHL)

B. Variation in Secchi-tube depth (SD)

General categories
1 Nutrients
[ Environmental characteristics

[ Interactions among categories
1 Unexplained

Figure 8. Percentages of variance in A, suspended chlorophyll a concentrations (SCHL) and B, Secchi-tube depths (SD)
described by nutrients, environmental characteristics (land-use, basin, and soil/surficial-deposit characteristics), interactions
among categories (variance that cannot be explained by a single category), and unexplained variance for the studied
nonwadeable rivers in Wisconsin. [%, percentage of total variance]
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Environmental Characteristics Most Strongly
Related to Water Quality

Correlations, stepwise regressions, and redundancy
analyses al indicated that the land-use characteristics
(primarily For % and Ag %) were the characteristics most
strongly related to water quality. Simply omitting the land-
use characteristics and reanalyzing the data, however, may
not provide atrue indication of what other factors affect
water quality because some of the remaining factors were
strongly correlated with the land-use characteristics of the
basins. For example, air temperature and clay content of
the soil were both strongly correlated with many water-
quality characteristics and with Ag % (table 4). Therefore,
it isdifficult to determine whether it was these factors or
the indirect effects of agriculture that affected water qual-
ity. The clay content of the soil has been demonstrated to
have a strong effect on the water quality of Midwestern
streams (Robertson, 1997; Robertson and others, 2006b);
however, the effects of air temperature seem questionable
and may be indirectly related to the land-use characteris-
tics.

Various approaches (RDA and residualization analy-
ses) were used to determine which environmental char-
acteristics other than land-use characteristics were most
strongly related to water quality. The results of partial RDA
indicated that soil characteristics were important; however,
much of the variance explained by soil characteristics was
also explained by the land-use characteristics. Results of
RDA indicated that the most important soil characteristics
were the clay content and organic-matter content of the
soils; however, many of the soil characteristics were cor-
related with one another. The results also indicated that the
amount of runoff was strongly related to water quality.

Results of the residualization analyses indicated that
the natural (non-land-use) environmental characteristics
most strongly related to the distribution of TP concentra-
tions were runoff and basin slope. Air temperature and
evaporation were also found to be important, but these
factors may simply reflect their north/south gradients that
also occursin TP concentrations. The natural environmen-
tal characteristics most strongly related to the distribution
of TN concentrations were runoff and the clay content and
erodibility of the soils. In al cases, high nutrient concen-
trations were related to low annual runoff values (including
residualized values). Lower amounts of total annual runoff
and higher nutrient concentrations occurred in the southern

part of the State than in the northern part. High nutrient
concentrations typically occur during runoff events; how-
ever, the concentrations used in this study represent the
typical (base-flow) condition.

The natural environmental characteristics most
strongly related to the distribution of SDswere air tem-
perature and evaporation, which was similar to that for TP,
In addition to the land-use characteristics, results from the
stepwise regressions indicated that the distribution of SDs
was strongly related to SSC concentrations. The natural
environmental characteristics most strongly related to the
distribution of SCHL were the size and slope of the basin
and the length of theriver. All of these factors would affect
the travel time of the water in the basin and allow different
amounts of time for the algal community to consume nutri-
ents. A few of the natural characteristics, however, such as
clay content and erodibility of the soil, were so strongly
correlated with Ag % that their relations to water quality
may have been reduced by the residualization approach.

Thresholds in Water-Quality Responses and
Responses to Changes in Land Use

Concentrations of TP and TN were significantly
correlated with Ag %. To define these relations better,

Log TPand Log TN concentrations were plotted against
Ag % (fig. 9), and regression-tree analyses were done to
determine the percentages of agriculture that were the best
breakpoints or thresholds in the responses. Regression-
tree resultsindicate that the best statistically significant

(p < 0.001) breakpointsin the responses of Log TP and
Log TN to changesin Ag % were at 24.7 and 18.1 percent,
respectively (table 8). In both cases, however, the relations
between Log TP and Log TN concentrations and Ag %
appear linear; the line determined with linear regression
better defined the response than a step change in values
(on the basis of a mean-square-error criterion).

Thresholds or breakpoints in the responses to changes
in Ag % were also determined for the other logarithmically
transformed water-quality constituents, including SSC
(table 8). Thresholds ranged from as low as 8.8 percent
agriculture for NO_-N to 43.7 percent for NH,-N. In almost
all cases, the relations between the concentrations and
Ag % appear linear; however, for al of these additional
constituents a step change better defined the response (on
the basis of a mean-square-error criterion).
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Table 8. Thresholds or breakpoints in the response in water
quality to changes in the percentage of agricultural area in the
basin for nonwadeable rivers in Wisconsin.

Threshold percentage

Constituent .
of agriculture

Total phosphorus 24.7
Dissolved phosphorus 24.7
Particul ate phosphorus 31.8
Total nitrogen 18.1
Dissolved nitrite plus nitrate 8.8
Dissolved ammonia 437
Total Kjeldahl nitrogen 34.6
Suspended chlorophyll a 18.1
Secchi-tube depth 32.7
Suspended sediment 18.1

Concentrations of SCHL were significantly correlated
with TP and TN concentrations (table 4). To better define
these relations, Log SCHL concentrations were plotted
against Log TP and Log TN concentrations (fig. 10), and
regression-tree analyses were done. Log TP explained
45 percent of the variance in Log SCHL concentrations
and Log TN explained 35 percent of the variance. If the
sites with the highest SSC to SCHL ratiosin drainage
areas primarily in the Driftless Area ecoregion (southwest
part of the State) were omitted, then Log TPand Log TN
explained 79 and 59 percent of the variance in Log SCHL
concentrations, respectively. Regression-tree results indi-
cated that the best breakpoint in the response of SCHL to
changesin TP concentrations was at 0.064 mg/L (Log TP
=-1.19), and at 0.927 mg/L (Log TN =-0.03) for changes
in TN concentrations; both breakpoints were statistically
significant at p < 0.001. The relations between SCHL and
TP and TN concentrations appear linear; however, the
step-change response better defines these relations (on the
basis of amean-square-error criterion). A similar response
was found between TP and SCHL in temperate streams
throughout North America, with SCHL concentrations
increasing most rapidly at TP concentrations less than
0.1 mg/L (Van Nieuwenhuyse and Jones, 1996).

To define the relations between SDsand TP and TN
concentrations better, SDs were plotted against Log TP
and Log TN concentrations (fig. 10) and regression-tree
analyses were done. There was little apparent relation
between SDs and TP and between SDsand TN at lower

nutrient concentrations because of the limited length

of the Secchi tube; however, as nutrient concentrations
increased, SDs decreased. Overall concentrations of TP
and TN explained 77 and 50 percent of the variance in
SDs, respectively. Regression-tree results indicate that the
best breakpoint in the response of SDsto changesin TP
concentrationswas at 0.091 mg/L (Log TP =-1.04) and to
changesin TN concentrationswas at 1.097 mg/L (Log TN
= 0.04); both breakpoints were statistically significant at

p < 0.001. A regression line defines the response for TP
better than a step change; however, a step change defines
the response better for TN (on the basis of a mean-square-
error criterion). The reduction in SDswith increasing
nutrient concentrations may have been caused by other
factors that are correlated to TP and TN concentrations,
such as the SSC concentrations (table 4).

Reference Water Quality

Several approaches have been used to define refer-
ence water quality (also referred to as background or
potential water quality in some publications) for specific
areas. In defining reference conditions for national nutri-
ent criteria, the USEPA has suggested that the frequency
distribution of the data available for a specific area could
be used to define a reference condition: the lower (or best)
25" percentile of all the data for a specific area or the
upper (or worst) 75" percentile of the data for a subset of
streams thought to be minimally impacted (U.S. Environ-
mental Protection Agency, 20008). Because it is difficult to
determine which sites are minimally impacted, the lower
(the best) 25" percentile of all the datais the more com-
mon approach and the one used by the USEPA to define
their proposed water-quality criteria (table 1; U.S. Envi-
ronmental Protection Agency, 2000b; and 2001).

The watersheds of the nonwadeable rivers in Wiscon-
sin usually covered large areas of the State and extended
across several ecoregions and environmental phosphorus
zones (fig. 1); therefore, reference water-quality condi-
tions were not examined for different areas or individua
ecoregions in the State, but rather for the entire State.
Reference TP and TN concentrations for the nonwadeable
rivers of Wisconsin based on the 25"-percentile approach
were 0.034 and 0.670 mg/L, respectively (table 9). The
reference conditions for SCHL and SD were 3.83 ng/L and
greater than 120 cm, respectively. The reference condi-
tions for the other constituents are also listed in table 9.
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Table 9. Reference conditions for water-quality constituents for nonwadeable rivers in Wisconsin. Median reference values,
standard errors, and upper 95-percent confidence limits were estimated with the multiple linear-regression approach.

[mg/L, milligram per liter; cm, centimeter; pg/L, microgram per liter; >, greater than; --, insufficient data to estimate]

Regression approach

Percentile approach

Constituent Median  Standard Upper 95-percent Best 25" percentile ~ Worst 75" percentile
reference error confidence limit of all data of Reference sites

Total phosphorus (mg/L) 0.035 0.005 0.045 0.034 --
Dissolved phosphorus (mg/L) .016 .002 .021 .017 --
Particul ate phosphorus (mg/L) .018 .003 .025 .018 --

Total nitrogen (mg/L) 514 .043 .604 .670 --
Dissolved nitrite plus nitrate (mg/L) .061 .020 107 132 --
Dissolved ammonia (mg/L) .022 .000 .022 .019 --
Kjeldahl nitrogen (mg/L) 434 .043 524 .500 --
Suspended chlorophyll a (ug/L) 3.95 1.00 6.20 3.83 3.85
Secchi-tube depth (cm) 110 7 962 >120 >120
Suspended sediment (mg/L) 3.2 .8 49 4.0 2.8

a A lower 95-percent confidence limit is given here because higher values represent better conditions for Secchi-tube depth.

Defining reference conditions based upon the percentile
approach is arbitrary in nature because the percentages
of agricultural and urban areas in the region can strongly
affect the results for characteristics correlated with land
use, such as the water-quality characteristics examined in
this study. The 25"-percentile approach usually resultsin
areas with extensive agriculture and urban development
having relatively poor reference conditions; therefore,
other approaches were examined.

Another approach to estimate reference concentra-
tionsisamultiple linear-regression model (regression
approach) that relates water quality to anthropogenic char-
acteristics of the watershed (Dodds and Oakes, 2004):

LogP

Predicted

=a+bAg% + c Urb %, 1y

where a, b, and ¢ are empirical coefficients based on data
for all nonwadeable rivers. After calibrating the model
with data from a specific area, an estimate of reference
conditions in the absence of anthropogenic activities

can be obtained by setting the variables describing the
anthropogenic characteristics to O (in this study, setting
Ag % and Urb % to 0). The general form of thismodel is
similar to that used to estimate residualized concentrations
in equations 2, 4, 6, and 8 (page 25). These relations can
also be used to place confidence intervals on the estimated
reference concentrations. Because this type of model esti-
mates the logarithm of the reference concentration (except
for SD), the median reference concentrations were esti-
mated as 10°. The median reference condition, the standard
error of the reference condition, and the upper bound of

the 95-percent confidence interval of the reference condi-
tion for each water-quality constituent are given in table 9.
A bias correction is typically applied to results for mean
values obtained by logarithmic regression; however, the
bias correction was not used here because median values
were determined rather than mean values.

On the basis of the results of the regression approach,
the reference concentration for TP was 0.035 mg/L, with
an upper 95-percent confidence limit of 0.045 mg/L
(table 9). The reference concentration for TN was
0.514 mg/L, with an upper 95-percent confidence limit of
0.604 mg/L.. The reference concentration for SCHL was
3.95 ng/L, with an upper 95-percent confidence limit of
6.20 pg/L. The reference SD was 110 cm, with alower
95-percent confidence limit of 96 cm (alower limitis
given because higher values represent better conditions).
Reference conditions for the other water-quality character-
istics are given in table 9.

A reference SCHL concentration was also estimated
by examining the SCHL concentrations in sites with both
reference TP and reference TN concentrations (consid-
ered to be minimally impacted sites). For this analysis,
the 42 sites were divided into three categories: reference
sites (Reference, fig. 11)—6 sites with both TP concen-
trations at or below the 0.035-mg/L reference concentra-
tion and TN concentrations at or below the 0.514-mg/L
reference concentration; high nutrient-concentration
sites (High)—29 sites with both TP and TN concentrations
above their respective upper 95-percent confidence limits
for reference concentrations (TP concentrations above
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Suspended chlorophyll a (SCHL) concentrations and Secchi-tube depths (SDs) in Reference sites and High

(nonreference) sites in the studied nonwadeable rivers in Wisconsin, 2003.

0.045 mg/L and TN concentrations above 0.604 mg/L);
and nonclassified sites—7 sites with either TP or TN con-
centrations above their respective reference concentrations
but below their upper 95-percent confidence limits (these
sites were not included in this analysis and not included in
fig. 11).

The median SCHL concentration of the Reference
siteswas 3.4 ug/L (Log (3.4) = 0.54), with the upper
75" percentile being 3.8 pg/L (Log (3.8) = 0.59), which
was significantly less than the median concentration of
18.6 pg/L (Log (18.6) = 1.3) measured at the High sites
(fig. 11). It has been suggested by the USEPA that the
upper (worse) 75" percentile of a subset of streams thought
to be minimally impacted (Reference sites) may represent
the reference condition; therefore, an alternative refer-
ence SCHL concentration for the entire State would be
3.8 ug/L. Thereference values (3.8 to 3.9 ug/L) estimated
with the approaches used in this study are slightly less than

those defined by the USEPA for nutrient ecoregions 7 and
8 (5.8 and 4.3 pg/L, respectively; values obtained when
the trichromatic method is used for chlorophyll a analysis;
table 1).

A reference SD was also determined by examining
the sites at which both TP and TN concentrations were at
or below their respective reference concentrations. The
median SD measured at the Reference sites was greater
than 120 cm, which was significantly greater than the
median SD measured at the High sites (47 cm; fig. 11).
The lower 25" percentile of SDs at the Reference sites
(equivalent to the worst 75" percentile of the minimally
impacted sites) was also greater than 120 cm; therefore, an
aternative reference SD value for the entire State would
be greater than 120 cm. Because this length exceeds the
length of the Secchi tube, a specific reference condition
was not able to be obtained.
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Macroinvertebrate Assemblages and Their Relations with
Water-Quality and Environmental Characteristics

Wisconsin Department of Natural Resources personnel preparing Hester-Dendy artificial substrate samplers for deployment and collection of
macroinvertebrates. Macroinvertebrate photos provided by Stanley Szczytko (University of Wisconsin—Stevens Point).

Fourteen indices were used to describe the
macroinvertebrate communities in the nonwadeable rivers
in Wisconsin. These indices describe species richness
(1 index: SPECIES), depositional substrate (1: %DEPQOS)
and pollution tolerance (2: MPTV and HBI), feeding
ecology (3), and insect order (7) (table 10). SPECIES,
HBI, MPTV, and both Ephemeroptera, Plecoptera, and
Trichoptera (EPT) indices indicated that sites spanned
from very poor to excellent conditions. The number of
species (SPECIES) ranged from 10 to 51 (median = 32;
table 10; fig. 12). The median percentage of individuals
from EPT orders (%EPTN) was about 50 percent (ranged
from 2.6 to 94.7 percent) and about 45 percent of the
individuals were from the order Diptera (%DIPT; ranged
from 3.3 to 92.7 percent). The percentage of individuals

from the order Ephemeroptera (YoEPHEM) ranged

from 0.0 to 69.1 percent (table 10, fig. 12; median =

16.7 percent). Two indices described the assemblage’s
stress response to organic pollution: MPTV, which ranged
from about 3.5 to 6.8; and HBI, which ranged from about
2.810 9.6 (table 10, fig. 12). For most macroinvertebrate
indices, higher values are representative of better water
quality except for MPTV and HBI for which lower

index values are representative of better water quality. In
general, macroinvertebrate communitiesin riversin the
southesast part of the State would normally be considered
representative of poorer water quality, with fewer species,
fewer EPT individuals and taxa (shown only for %EPHEM
in fig. 12), and higher MPTV and HBI values than those of
riversin the rest of the State.
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Figure 12. Distributions (quintiles) for four macroinvertebrate indices [species richness (SPECIES), mean pollution tolerance
value (MPTV), percentage of individuals from the order Ephemeroptera (%EPHEM), and Hilsenhoff Biotic Index (HBI)] for the
studied nonwadeable rivers in Wisconsin. Better macroinvertebrate communities are indicated by lower MPTV and HBI values.
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Relations with Individual Characteristics

Correlations

Most of the macroinvertebrate indices were signifi-
cantly correlated (r_ values) with several nutrient constitu-
ents except %DIPT, percentage of the individualsthat are
from the family chironomidae (%CHIRON), %EPTN, and
gathers (%GATHER,; table 11). Six of the indices were
more strongly correlated with the nutrient constituents
than the other indices [SPECIES, MPTV, %EPHEM,

HBI, percentage of the individuals from the order Plecop-
tera (%PLEC), and percentage of the individuals that are
scrapers (%SCRAP)]; these are listed in decreasing order
of the strength of these relations. These indices were most
strongly correlated with TR, TN, and TKN. SPECIES,
%EPHEM, %PLEC, and %SCRAP were negatively cor-
related with most nutrient concentrations, although some
of the correlations were not statistically significant; MPTV
and HBI were positively correlated with all nutrient con-
centrations. Lower MPTV and HBI values are representa-
tive of better macroinvertebrate communities and better
water quality. Unexpectedly, the percentage of individuals
from the order Trichoptera (% TRICHOP) and percentage
of individuals that are shredders (%SHRED) were posi-
tively correlated with all nutrient concentrations. There
are, however, afew Trichoptera species, such as Hydro-
psyche, that are relatively pollution tolerant.

In general, the six indices most strongly correl ated
with the nutrient concentrations were also the indices most
strongly correlated with SCHL, SD, SSC, water tempera-
ture, SC, pH, and the land-use characteristics, especially
Ag %, percentage of row-crop agriculture (AgRow %),
For %, and Urb %. Better macroinvertebrate index scores
(higher SPECIES, %EPHEM, %PLEC, and %SCRAP
scores and lower MPTV and HBI scores) generally were
correlated with lower SCHL, SSC, SC, pH, Ag %, Urb %,

and with higher SDs and For %. These six indices were
also more strongly correlated with afew basin character-
istics (air temperature, runoff, and basin slope) and the
soil/surficial-deposit characteristics (clay content and soil
slope) than were the other indices. In general, better mac-
roinvertebrate assemblages were found in riversin areas
with cool air temperatures, high runoff, and soils with low
clay content and steep slopes; these characteristics are gen-
erally found in the northern part of the State with mixed
and mostly forested areas (figs. 1A and 12).

Response to Changes in Nutrient
Concentrations

Responses of the four macroinvertebrate-assemblage
indices most strongly correlated with nutrients (SPECIES,
MPTV, EPHEM%, and HBI) are shown with respect to
median TP and TN concentrationsin figure 13 and the
two indices most strongly related with nutrients (SPECIES
and MPTV) are shown with respect to median DP, NO,-N,
NH,-N, and TKN concentrationsin figure 14. SPECIES
and MPTV were chosen as the best macroinvertebrate
measures and used for additional detailed investigation
because correlation analyses and scatterplots indicated that
they were the most responsive to differences in nutrient
concentrations and they appeared to best represent the
other macroinvertebrate indices. In general, SPECIES and
EPHEM % decreased as nutrient concentrations increased,
whereas MPTV and HBI values increased as nutrient
concentrations increased. The strongest relations were
found between SPECIES and MPTV vauesand TP, TN,
and TKN concentrations. The other relations with nutri-
ent concentrations ranged more widely; little relation was
found with DP, NO_-N, and NH,-N concentrations for any
of theindices. The wide range in biotic index values at any
nutrient concentration in these graphs may indicate the
effects of factors other than nutrient concentrations.
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Figure 13. Species richness (SPECIES), mean pollution tolerance value (MPTV), percentage of individuals from the order
Ephemeroptera (%EPHEM), and Hilsenhoff Biotic Index (HBI) values as a function of total phosphorus (TP) and total nitrogen (TN)
concentration for the studied nonwadeable rivers in Wisconsin. LOESS-smoothing lines with 95-percent confidence limits and
computed thresholds in the response, identified by vertical lines, are given on each graph.
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Figure 14. Species richness (SPECIES) and mean pollution tolerance value (MPTV) as a function of dissolved phosphorus
(DP), dissolved nitrite plus nitrate nitrogen (N03-N), dissolved ammonia nitrogen (NH,-N), and total Kjeldahl nitrogen (TKN)
concentrations for the studied nonwadeable rivers in Wisconsin. LOESS-smoothing lines with 95-percent confidence limits and
computed thresholds in the response, identified by vertical lines, are given on each graph.
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The LOESS-smoothing lines on the scatterplots
between nutrient concentrations and macroinvertebrate
index values indicate that, for most nutrient constituents,
there were nonlinear relations (figs. 13 and 14). Regres-
sion-tree analyses were then used to define the threshol ds
or largest breakpoints in the responses of the six macroin-
vertebrate indices most strongly correlated with nutrient
concentrations (table 12). The rangesin the significant
breakpoints in the responses to changes in nutrient con-
centrations were: 0.034 to 0.150 mg/L for TP; 0.014 to
0.066 mg/L for DP; 0.016 to 0.101 mg/L for PP; 0.527 to
1.990 mg/L for TN; 0.052 to 0.147 mg/L for NO,-N; 0.035
to 0.055 mg/L for NH,-N; and 0.603 to 0.928 mg/L for
TKN. All of the breakpoints for TP and TN were statisti-
cally significant at p < 0.05 except those identified for
%PLEC. These analyses indicated that the values of these
six macroinvertebrate indices changed the most over a
relatively narrow range in concentrations for each constitu-
ent. None of the breakpoints exceeded 0.15 mg/L for TP or
2.0 mg/L for TN. In general, for macroinvertebrate indices
with relatively low breakpoint values (such asfor MPTV
and EPHEM %, with breakpoint values of about 0.03 and
0.04 mg/L for TR, respectively), the indices continue to
degrade with increasing nutrient concentrations (fig. 13);
however, there was little change in the index values with
increasing nutrient concentrations above the relatively
high breakpoint values (such as for HBI, with a breakpoint
value for TP of 0.150 mg/L).

Effects of Multiple Characteristics on
Macroinvertebrate Indices

Stepwise Regressions

Forward stepwise regressions were done with water-
quality (median values) and environmental characteristics
to determine which characteristics best described the
variance in the six macroinvertebrate indices most strongly
correlated with nutrient concentrations (table 13). Models
with more than three variables did not substantially
increase the amount of variance explained. For al of the
indices, TKN was the first or second variable incorporated
in the models. TKN concentrations alone explained 29 to

52 percent of the variance in the four indices most strongly
correlated to nutrient concentrations. The percentage of
clay deposits was the only other variable in more than

one model. With three variables, the models explained
between 26 and 66 percent of the variance in the indices.
The models for HBI and %PLEC only explained 29 and
26 percent of the variance, respectively. Plecopterans

were not commonly found in this study; they were absent
at 17 sites and composed less than 4 percent of the
abundance at 23 other sites.

Redundancy Analysis

One of the greatest impediments to understand-
ing the relations between nutrient concentrations and
biotic response is that the biota may respond to nutrient
enrichment in the same way that they react to other stres-
sors (Yoder and Rankin, 1995; Karr and Chu, 1999). In
addition, environmental characteristics are often highly
correlated, making it difficult to differentiate spurious
correlations from cause-and-effect relations (Miltner and
Rankin, 1998; Wang and others, 2003; Dodds and Oakes,
2004). The approach used for RDA in this study is similar
to that of Wang and others (2003) and Weigel (2003) and
had three main components. First, a forward-selection
procedure in RDA was used to identify the most impor-
tant (key) characteristics to include from each of three
categories: nutrients (the seven nutrient constituentsin
table 2), other water-quality characteristics (the other seven
water-quality characteristicsin table 2), and environmental
characteristics (all remaining land-use, basin, soil, and
surficial-deposit characteristics). RDA was then used to
determine the influence of each of these categories on the
macroinvertebrate assemblages (the 14 macroinvertebrate
indices). Finally, partial RDA was used to determine the
relative importance of the nutrients, other water-quality
characteristics, environmental characteristics, and inter-
actions among categories (variability that could not be
attributed to a specific category) in affecting the macroin-
vertebrate assemblages (the 14 macroinvertebrate indices).
The same characteristics found with the forward variable-
selection procedure were used to describe each category of
characteristics.



isconsin

Wi

ivers in

Nutrient Concentrations and Their Relations to the Biotic Integrity of Nonwadeable R

48

S9
617~
(doso mou) ainynouby
9T
G-
siisodep Ae|o

(feuonippe ou)
ev’
00°

©ale 1un sod moH

99
9

uabo.aiu erol
19
S0

adop ulseg

kA
20
Ajigeswed
12
69'-
uebonu |uepplX il

(feuonppe ou)
8’

-
puesseIo
S
20~
pues
8s’

500
sysodep Ae |0

or’
9G™-

usbouu [yepelH feloL
YT
oz

S115009p Weo

62
15

usbo.u [yepeH e1oL
62
65-

uabouu [yepely feloL
s
zL

usbounu [yepely oL
Gy
85°0-

uabouu [yepely feroL

24 SAIR|NWNOY

S

1
(dVHOS %) ssedeos s e TeyisfenplAlpul Jo JUsd jod
2 9AIR|INWINJD Y
°)
(037d %) ee1doR|d JOP IO WO 4yS[enpIAIPUL JO JUSIBd
24 9AIR |INWINJD Y

S

1
(19H) xepu|onoig Jjoyuss|iH
24 OAIR NWINJDY
°)
(NI Hd3 %) eleidolowsyd3 Jop.Io WoliS[EenpIAIpUl JO 1USd Bd
24 SAIR NWINJDY
°l
(ALdIN) @nfeaadue ;|01 uolinjjod ues |\
24 OAIR NWINJDY

S

1
(S3103dS) ssauyo1y s9199ds

ajqensen iy

a|qelien puoaag

a|qenen )sil4

ajqenen yuapuadag

"UISUODSIAA Ul SIBALI 8]qeapRMUOU PaIPNIS 8} 10} SBIIPUI 81RI(S1IBAUI0IIRW Ul 8dUBLIRA UlR|dX8 0} SasAjeue uoissaibai-asimdals pJeamio) Woly synsay

[swiel (G500 > d) e IIUBIS A|fealiSIIeNs OU *[EUOIPPE OU 'SBPOW BeLIA-S0.U) PL. ‘-OM} *-3UO 3} IO} U0 IFRUILLLIBIOP JO JUBID14900 2y ‘JUSID1LB0 UO IR P1I00 Ueliesds “1]

‘€l 9lqel

G/8 (ssu) 910 (ssu) 0e0° 128 910’ (ssu) vTO° 120 (dVHOS%) Siede.os ae Teyl sEenpiApul Jo sejusoied
€09° G0’ (ssu)gez'T (ssu)G96'T  (ssu) TSO° (ssu) 9200 (ssu) svT (0371d%) ee1d033|d BP0 Wy S[enpiAIpul JO feiusded
826’ (ssu) se0f veT 066'T 280° (ssu) ¥10° osT' (1gH) xepujonolg Hoyuss|iH
G/8 (ssu) G500 250° 125 €20’ 20 (008 (INFHJ3%) eleidosewieyds Jopio Wwoly sfenpiaipul Jo sfelusoled
859° G50 T 1) 1S0° 142%0) 790" (AL1d) anensouess (o) uonnijod ues
0.20 (ssu) 1500 (ssu) 0200 G26'T T0T0 9900 0ST0 (S3103dS) ssauyo 1 sat0ads
uabonu ejuowwe ajeniu snid uaboniu snioydsoyd snioydsoyd  smioydsoyd

____M_“.__H_v_ panjossiq @y panjossig leroL aje[nalued panjossiqg leroL xapdl

[G0'0 > d Te Jue01j1UB 'S A|RONSITES J0U ‘SSU Lie)l| Jod SWelBi||iW Ul SUO IFe.usou0d ||v]

"UISUODSIAA Ul SIBALI 8]qBapRMUOU 10§ SUOIIRIIUBIUOD JUBLINU Ul SaBuBYD 0] $80IpUI 81RI(SLISAUI0IORW Ul SBsuodsal 8y Ul sulodyealq 1o spjoysalyl  ‘zL ajqel



Macroinvertebrate Assemblages and Their Relations with Water-Quality and Environmental Characteristics 49

RDA retained PP and TKN from the nutrient char-
acteristics, SD and SCHL from the other water-quality
characteristics, and AgRow % and basin slope from
the environmental characteristics. RDA was then run
again with only those key characteristics. RDA based on
these six key characteristics and the use of multiple axes
explained 61 percent of the variance in the macroinver-
tebrate indices (p < 0.01); however, the first axis alone
accounted for 99 percent of the total explained variance.
The strongest relations (farthest from a value of 0 on
RDA axis 1) were between SPECIES and SD and basin
slope (positive relations) and between SPECIES and PP,
SCHL, TKN, and AgRow % (negative relations); strong
but opposite relations were found between MPTV and HBI
and these constituents (fig. 15). The percent forest (For %)
had the opposite response as AgRow %. TP and TN, which
were not included in the analysis, are displayed in asimilar
fashion to the selected variables on this figure without
affecting the results: TP and TN corresponded strongly
with the first RDA axis, similar to PP and TKN. Therefore,
if these characteristics were used instead of PP and TKN,
similar results would have been obtained.

Partial RDA was then used to determine the relative
importance of nutrients, other water-quality characteris-
tics, environmental characteristics, and interactions among
categoriesin affecting the macroinvertebrate assemblages.
These four categories explained 61 percent of the variance
in the 14 macroinvertebrate-assemblage indices (fig. 16).
Nearly al of the variance was explained by the interac-
tions among variable categories (55 percent of the total
variance or 89 percent of the explained variance). Environ-
mental characteristics explained 4 percent of total variance
(7 percent of the explained variance), and nutrients and
other water-quality characteristics each explained only
1 percent of the total variance (2 percent of the explained
variance for each). Therefore, nutrient concentrations by
themselves explained only a small part of the total variance
in the macroinvertebrate assemblages. About 39 percent of
the total variance could not be explained by the character-
isticsin this study, and an additional 55 percent of the total
variance could not be separated into a single category of
characteristics.

Reference Values for the Macroinvertebrate
Indices

The use of different approaches provides arangein
estimated reference values for each of the macroinverte-
brate indices. Reference values for the six macroinverte-
brate indices most strongly related to nutrient concentra-
tions (SPECIES, MPTV, %EPHEM, HBI, %PLEC, and
%SCRAP) were determined by using the best 25" percen-
tile based on data from al of the sites, the median value for
sites considered minimally impacted (Reference sites with
both TP and TN concentrations at or below the estimated
reference concentrations), the worst 75" percentile for
minimally impacted sites, and two variants of the regres-
sion approach (table 14). Six Reference sites had median
TP concentrations at or below the 0.035-mg/L reference
concentration and median TN concentrations at or below
the 0.514-mg/L reference concentration (table 9).

The distributions of index values for the Reference
sites are compared with the distribution of values for the
29 High sites (with median TP and TN concentrations
above their respective upper 95-percent confidence limits
for reference concentrations, 0.045 mg/L and 0.604 mg/L,
respectively) (fig. 17 and tables 9 and 14). For all of these
indices, there was a statistically significant (p < 0.05)
difference between the medians from the Reference and
High sites, except for %PLEC (p = 0.08) and SPECIES.
Reference values based on the worst 75" percentile of the
Reference sites were similar to the median of the Refer-
ence sites except for EPHEM%. The regression approach,
based on the relation between water quality and Ag % and
Urb %, gave estimated reference values similar to those
from the 25"-percentile approach. %EPHEM and HBI,
however, were only weakly related to changesin Ag % and
Urb % (0.06 > p < 0.08) and %PLEC and %SCRAP were
not significantly related (p > 0.1) to changesin Ag % and
Urb %.
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1 EXPLANATION
® Macroinvertebrate indices
Other characteristics
notincluded in analysis
FOR % o%EPTX _%PLEC 1L
%EPHEM ¢ ° P
SD HEPHEM o . %CHIRON
:: A)EPTN. %DIPT /'PP
= 0 - %SCRAP gv S
2 SPECIES %DEPOS e AgRow %
0
E %TRICOP 9%SHRED SCHL
TKN
[ J PY °
BSlope %GATHER HBI MPTV
RZ=0.61
-1 T 1
-1 0 1
RDA AXIS 1

Figure 15. Redundancy analysis (RDA) results for macroinvertebrate indices and nutrients, other water-quality, and
environmental characteristics: axis 2 scores are plotted as a function of axis 1 scores. Parameters describing each category
were determined by forward-selection procedures in RDA. Water-quality and land-use abbreviations are defined in table 2 and
macroinvertebrate abbreviations are defined in table 10.

General categories

] Nutrients

[ Other water-quality characteristics
[ Environmental characteristics
[ Interactions among categories
1 Unexplained

Figure 16. Percentages of variance in 14 macroinvertebrate-index values described by nutrients, other water-quality
characteristics, environmental (land-use, soil, and surficial-deposit) characteristics, interactions (variance that cannot be
explained by a single category), and unexplained variance for the studied nonwadeable rivers in Wisconsin. [%, percentage of
total variance]
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Figure 17. Species richness (SPECIES), mean pollution tolerance value (MPTV), percentage of individuals from the
order Ephemeroptera (%EPHEM), and Hilsenhoff Biotic Index (HBI) values in Reference sites and High (nonreference)
sites in the studied nonwadeable rivers in Wisconsin.
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Fish Assemblages and Their Relations with Water-Quality
and Environmental Characteristics

Wisconsin Department of Natural Resources personnel collecting fish with an electrofishing boat. Photos provided by John Lyons (Wisconsin Department

of Natural Resources).

Eleven indices were computed to summarize the fish
data, including indices describing the number of nonexotic
species (1 index: #NATIVESP), number and percentage
of riverine fish (2: #RIVERSP and %RIVERSP, respec-
tively), number of sucker species and percentage by
weight of round-bodied sucker species (2: #SUCKER and
%SUCKER, respectively), number of species intolerant of
degradation (1: #/NTOL), weight per unit sampling effort
(1: WPUE), percentage of fish that spawn over stony envi-
ronments (1: %LITSPAWN), percentage of biomass that
is composed of insectivores (1: %INSECT), percentage of
fish with diseases or deformities (1: %DISEASE), and one
overall index of biotic integrity for large riversin Wiscon-
sin (1BI; Lyons and others, 2001). The fish indices indi-
cated awide range of environmental quality for the 41 sites
in the study (table 10, page 40). Fish IBI scores spanned a
range from very poor to excellent (appendix 3), with most
sites scoring good or better (1Bl value of 60 or greater). All
of the fish indices had a wide range of values; for example,
#NATIVESP ranged from 4 to 27, #RIVERSP ranged from
0 to 23, WPUE ranged from 3.9 to 151 kg, and IBI ranged

from 5 to 100. For al fish indices except %DISEASE,
higher values are thought to represent better water quality.
In general, fish assemblages in riversin the southeast part
of the State would normally be considered representative
of poorer water quality than in riversin other parts of the
State; these rivers had lower I1BI, %SUCKER, %RIVERSP,
and #INTOL values (fig. 18). Many of the other fish indi-
ces did not exhibit strong regional patterns.

Relations with Individual Characteristics

Correlations

All of the fish indices were significantly correlated
(r,) with several nutrient constituents except WPUE
(table 15). Six of the indices, however, were more strongly
correlated with nutrient concentrations than the others
(IBI, %SUCKER, #INTOL, %RIVERSP, #RIVERSP, and
%L ITSPAWN; listed in decreasing order of the strength
of their relations). These indices were most significantly
correlated with the three P constituents, TN, and TKN.
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Index of Biotic Integrity (IBI)
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Figure 18. Distributions (quintiles) for four fish indices [Wisconsin large-river index of biotic integrity (IBI), percentage of
suckers by weight (% SUCKER), number of intolerant fish species (#INTOL), and percentage of individuals that are riverine species
(%RIVERSP)] for the studied nonwadeable rivers in Wisconsin.
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All of the indices (except %DISEASE) were negatively
correlated with most nutrient constituents, although some
of the correlations were not statistically significant. The
#NATIVESP was only weakly correlated with the nutrient
constituents, and WPUE was not statistically correlated
with any nutrient constituent. Of the nutrient constituents,
NO,-N was significantly correlated with the fewest fish
indices.

The six fish indices most strongly related to nutrient
concentrations were also the indices most strongly cor-
related with SCHL, SD, and the land-use characteristics.
These fish indices were most strongly correlated with
Ag %, AgRow %, Urb %, and For %. High index values
(better fish index values) were correlated with low Ag %
and Urb % and high For %. IBI, #INTOL, %LITSPAWN,
and %SUCKER were more strongly correlated with
severa basin characteristics (air temperature, runoff, and
evaporation) and soil characteristics (clay content in the
soils and surficial deposits) than were the other indices. In
general, rivers with better fish index values had cool air
temperatures, high runoff, and soils with low clay content;
these characteristics are generally found in the northern
part of the State with mixed and mostly forested areas
(figs. 1A and 18).

Responses to Changes in Nutrient
Concentrations

Responses of the four fish-assemblage indices most
strongly correlated with nutrients (1B1, %SUCKER,
#INTOL, %RIVERSP) are shown with respect to median
TPand TN concentrations in figure 19, and the responses
of the two indices most strongly related with nutrients (1BI
and %SUCKER) are shown with respect to median DP,
NO,.-N, NH,-N, and TKN concentrations in figure 20. IBI
and %SUCKER were chosen as the best fish indices and
used for additional detailed investigation because correla-
tion analyses indicated that they were the most responsive
to differencesin nutrient concentrations, and because
they appeared to be most representative of the other fish
indices. The LOESS-smoothing lines indicate a consi stent
decrease in al of these indices as nutrient concentrations
increased (except for TN). All of the graphs show awide
range in index values at any nutrient concentration; how-
ever, at low nutrient concentrations, the measured indices
had a dlightly larger range in values than at higher nutrient
concentrations. The variability at any nutrient concentra-
tion may indicate that factors in addition to nutrients are
affecting the fish assemblages.

The LOESS-smoothing lines on the scatterplots
between nutrient concentrations and fish-index values
(figs. 19 and 20) indicate that, for some nutrient constitu-
ents, thereis anonlinear relation. To define the thresholds
or largest breakpoints in these responses, regression-tree
analyses were done (table 16). The rangesin the break-
points in response to changes in nutrient concentrations
were: 0.055to0 0.147 mg/L for TR, 0.035 to 0.081 mg/L for
DP, 0.010 to 0.064 mg/L for PP, 0.634 to 1.965 mg/L for
TN, 0.030 to 0.241 mg/L for NO,-N, 0.016 to 0.051 mg/L
NH,-N, and 0.505 to 1.075 mg/L for TKN. All of the
breakpoints for TP and TN were statistically significant at
p < 0.05. These analyses indicated that the values of these
six fish indices changed the most over arelatively narrow
range in concentrations for each constituent. None of the
breakpoints exceeded 0.15 mg/L for TP or 2.0 mg/L for
TN, similar to the results for the macroinvertebrate indices.
However, unlike the trends in the macroinvertebrate indi-
ces, at concentrations above even the highest threshold or
breakpoint values, the biotic indices usually continued to
degrade.

Effects of Multiple Characteristics on Fish
Indices

Stepwise Regressions

Forward stepwise regressions were done with the
median water-quality and environmental characteristics to
determine which three characteristics best described the
variance in the six fish indices most strongly correlated
with nutrient concentrations (table 17). Models with more
than three variables did not significantly increase the
amount of variance explained. TP, TKN, air temperature,
and runoff were the first variables incorporated into these
models. Runoff is highly correlated with all of the nutrient
constituents; when runoff was omitted from the analyses,
TP or Ag % were the first variables incorporated into the
models. Several other variables, mostly describing nutrient
concentrations, land use, or soil type, were incorporated
into the models as the second and third variables. With
three variables, the models explained between 37 and
63 percent of the variance in the indices.
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Figure 19. Wisconsin large-river index of biotic integrity (IBl), percentage of suckers by weight (%SUCKER), number of intolerant
fish species (#INTOL), and percentage of individuals that are riverine species (%RIVERSP) as a function of total phosphorus (TP)
and total nitrogen (TN) concentration for the studied nonwadeable rivers in Wisconsin. LOESS-smoothing lines with 95-percent
confidence limits and computed thresholds in the response, identified by vertical lines, are given on each graph. The default
parameter for the LOESS-smoothing lines was changed to 0.6 for the relation between TN and %SUCKER.
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Figure 20.

parameter was changed to 0.6 for the LOESS-smoothing lines for the relation between dissolved nitrite plus nitrate (NO,-N) and

%SUCKER.
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Kjeldahl nitrogen (TKN) concentrations for the studied nonwadeable rivers in Wisconsin. LOESS-smoothing lines with 95-percent
confidence limits and computed thresholds in the response, identified by vertical lines, are given on each graph. The default
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Redundancy Analysis

The forward-selection proceduresin RDA were used
to identify the key characteristics to include from each of
three categories: nutrients, other water-quality characteris-
tics, and environmental characteristics. The RDA analysis
retained DP and TKN from the nutrient category; SC, SD,
SCHL, and water color from the other water-quality cat-
egory; and For % from the environmental-characteristics
category. RDA was then run again with only these seven
key characteristics. RDA based on these key characteristics
and the use of multiple axes explained 44 percent of the
variance in the fish indices (p < 0.01). The first two RDA
axes accounted for 91 percent of the variance explained
by the full model (all of the axes). Thefirst axis alone
accounted for 72 percent of the total explained variance.
On RDA axis 1, amost all of the fish indices (except
%DISEASE) were related positively with SD and For %
and negatively with SCHL, TKN, DR, and SC (fig. 21).
RDA axis 2 accounted for 19 percent of the total explained
variance. On RDA axis 2, WPUE was related positively
with SCHL, TKN, and water color. The other nutrient
characteristics and AgRow %, when plotted in asimilar
manner, corresponded strongly with RDA axis 1 and were
related to the fish indices similarly to DP, SCHL, SC, and
TKN. Therefore, if these characteristics were used instead
of DR, SCHL, and TKN, the results would have been
similar.

Partial RDA was then used to determine the relative
importance of nutrients, other water-quality characteristics,
environmental characteristics, and interactions among cat-
egoriesin affecting the fish assemblages (11 fish indices).
The same characteristics found with the forward variable-
selection procedure were used to describe each category
of characteristics. These 4 categories explained 45 percent
of the variance in the 11 fish indices (fig. 22). Of the total
variance, 11 percent was described by the nutrients aone
(25 percent of the explained variance), 17 percent by the
other water-quality characteristics alone, and 3 percent by
the environmental characteristics alone. About 55 percent
of the total variance could not be explained with the char-
acteristicsin this study, and an additional 14 percent of the
total variance could not be separated into a single category
of characteristics. Although the selected characteristics
explained less of the variance in the fish indices than in
the macroinvertebrate indices, nutrients by themselves
explained much more of the total variance in the fish indi-
ces than the macroinvertebrate indices.

Reference Values for the Fish Indices

The use of different approaches provides arangein
estimated reference conditions for the fish indices. Refer-
ence values for the six fish indices most related to nutrient
concentrations (IBI, %SUCKER, #INTOL, %RIVERSP,
#RIVERSP, and %L1 TSPAWN; table 18) were determined
by using the same approaches that were used to determine
reference conditions for the macroinvertebrate indices.
Median values for the Reference sites or minimally
impacted sites (sites with both reference TP and reference
TN concentrations) were higher than those estimated by
the other approaches for all of the indices except for
#RIVERSP. The distributions of index values for the
6 Reference sites are compared with the distribution of
values for the 29 High sites for the 4 fish indices most
strongly related to nutrient concentrationsin figure 23. For
each of these indices, the median values for the Reference
sites were significantly higher than those for the High
sites. The other approaches provided similar reference
conditions for all of the fish indices (table 18).

Multiparameter Biotic Indices to
Estimate Nutrient Concentrations in
Nonwadeable Rivers

One god of this study was to estimate nutrient
concentrationsin rivers from the biotic data. Individual
relations between specific biotic indicesand TPand TN
concentrations explained 45 and 35 percent of the variance
or less, respectively (SCHL explained the most variance
in TP and TN concentrations). Combining several biotic
indices, however, was expected to improve these relations.
To develop multiparameter indices to estimate TP and TN
concentrations in nonwadeabl e rivers, the biotic indices
found to be most strongly related to differencesin nutrient
concentrations were input into forward stepwise-regression
analyses. Thirteen biotic indices were included in this
analysis: one describing the amount of suspended algaein
the stream (chlorophyll a concentrations: Log SCHL), six
describing the macroinvertebrate assemblages (table 12),
and six describing the fish assemblages (table 16).
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Figure 21. Redundancy analysis (RDA) results for fish indices and nutrients, other water-quality, and environmental
characteristics: axis 2 scores are plotted as a function of axis 1 scores. Parameters describing each category were determined
by forward-selection procedures in RDA. Water-quality and land-use abbreviations are defined in table 2 and fish abbreviations
are defined in table 10.
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Figure 22. Percentages of variance in 11 fish-index values described by nutrients, other water-quality characteristics,
environmental (land-use, soil, and surficial-deposit) characteristics, interactions (variance that cannot be explained by a single
category), and unexplained variance for the studied nonwadeable rivers in Wisconsin. [%, percentage of total variance]



63

Multiparameter Biotic Indices to Estimate Nutrient Concentrations in Nonwadeable Rivers

"yoeo.dde uossaol

aUJ) WO SHW 1| 2USp U0D 1U.ed-G6 JOMO| 8Y) LLI0JJ PBU RIGO SeM S1HL 1| 80USP1U0D 1US0ad-G6 1SI0M B} PUe ‘S9}Is 80UsIe oY aU) 10431 1Iusoked ,GZ 8} W01} pBU IRIC0 SeMm Sa1is 80U 9y au 1oy a|nusdsed 4G/
1SI0M B} pUR eIep 8y JO |[e Jo 3|nusased G/ 8Y) LW0J) Pau eI Semerep 8yl Jo | Joja|nusosed Sz 1580 8y ‘91058l ‘Alienb Jefem Jeleq 1Ussa1ds) 01 UMOUS 818M S301pUL 8SaY) JO |8 10 Sanfen JaybiH .

L'29 g€l S8 978 T€L NMVASLIT%  Sieuneds oi|iydoyll| /e eyl sEenpiAipul Jo abeusdsed
0s v'9 (587 (ssu)9 L dSHANIGH $91080S JOAL JO JOqUINN
7'6C 6'8¢ L'6¢ 8’y 7'6€ dSHANII% S9105ds oAl 8. eyl SEENPIAIpUI JO afejusdied
o€ L€ €¢e 14 € JOLN# uo1zepelfap Jo Jueld (01Ul PRSP ISUOD S109CS JO JquinN
T€S 9'99 9'9L G'e8 8TL d3INONS% Wb M Ag seons Jo afelusdled
6. 0.8 S'/8 0's6 006 g1 AuBeiul onoiq Jo xepul JoALI-S6.e| USUOISIM

o(Mw| 39uapyuod (ueauw) «SA)S 92UaIajaY F——— ——

Juaaiad-Gg 1siom) yoeoidde 1o} a|nuaasad uoneinalqqy Xapuj

yoeoidde uoissaibay uoissaibay wGL ISI07 jo UEIpaN slpuadiad Gz 1sag

[T'0 > d e ueoyubss A|eonsiess jou ‘ssu]

"UISUODSIAA Ul SIBALI 8]qeapRMUOU J0f SBIIPUI YS!} XIS 10} SUOILIPUOD d0UBIS8Y 'L 3|qel



64 Nutrient Concentrations and Their Relations to the Biotic Integrity of Nonwadeable Rivers in Wisconsin

100 8
&S -
[ 80 b t
z S 6 1
= —®— 5 S
S 60T 7 ©
5 E 4 —@— -
) L i o
u 40 §
g % 2+ . @— i
= 201 7 =
w
o
0 1 1 0 !
REFERENCE HIGH REFERENCE HIGH
l_ 8 0.8 —
5 4L i 2
=
> 6 . % 06 -1 y
(7] =
oc = _ =
> o] ==
2 4r — @ y = 041 7
[
E ot - Z 02f e o .
£ 1 R . z
o
0 L L 00 L
REFERENCE HIGH REFERENCE HIGH
EXPLANATION
° Outlier

—|— 75th percentile + 1.5 * IR

75th percentile

Interquartile

range (IR) Median

25th percentile

—L—  25th percentile — 1.5 * IR

Figure 23. Wisconsin large-river index of biotic integrity (IBI), percentage of suckers by weight (%SUCKER), number of
intolerant fish species (#INTOL), and percentage of individuals that are riverine species (%RIVERSP) in Reference sites
and High (nonreference) sites in the studied nonwadeable rivers in Wisconsin.
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The three-parameter model to estimate TP concentra-
tions in nonwadeabl e rivers included indices describing the
amount of suspended algae (Log SCHL), the fish assem-
blage (#/INTOL ), and the macroinvertebrate assemblage
(%PLEC). Thismodel explained 63 percent of the variance
in TP concentrations (table 19, fig. 24A). The three-param-
eter model to estimate TN concentrations included indices
describing the amount of suspended algae (Log SCHL),
the fish assemblage (Y%SUCKER), and the macroin-
vertebrate assemblage (MPTV). This model explained
51 percent of the variancein TN concentrations (table 19,
fig. 24B). Models with more than three variables did not
significantly increase the amount of explained variance.

The regression equations described in table 19 were
then used to devel op multiparameter biotic indices to
estimate TP and TN concentrations in nonwadeable riv-
ers. The indices were developed (by including additional
coefficients) to provide values ranging from 1 to 10, with 1
representing the lowest TP and TN concentrations and 10
representing the highest concentrations.

The Biotic Index of total P (BIP) is computed as

BIP=5.0x (-1.167 + 0.428 Log SCHL —
0.125 #INTOL + 5.601 %PLEC) +
10.0, and (12)

the Biotic Index of total N (BIN) is computed as

BIN = 6.67 x (0.764 + 0.394 Log SCHL —
0.578 %SUCKER — 0.151 MPTV) +
4.0. (13)

BIP and BIN estimated the measured Log median
TP and TN concentrations equally well over the range of
concentrations measured in this study (fig. 24); however,
BIP estimated TP concentrations better than the BIN

estimated TN concentrations (63 percent of the variance

in TP explained by the BIP compared to 51 percent of

the variancein TN explained by the BIN). The difference
in the predictability of these indices was consistent with
most of the biotic indices being more strongly correlated
with TP concentrations than with TN concentrations. This
difference in predictability indicates that TP concentrations
are more important than TN concentrations in affecting the
biotic communities over the range in nutrient concentra-
tions measured in this study.

Summary of Results for
Nonwadeable Rivers and Wadeable
Streams

Excessive nutrient input from point and nonpoint
sources into streams and riversis frequently associated
with degraded water quality. Point-source discharges of
nutrients are fairly constant and are controlled by the
U.S. Environmental Protection Agency’s (USEPA'S)
National Pollutant Discharge Elimination System. To
reduce input from agricultural areas, performance stan-
dards and regulations for croplands and livestock opera-
tions are being proposed by various States. In addition, the
USEPA is establishing regionally based nutrient criteria
that can be refined by each State to determine whether
actions are needed to improve water quality. More con-
fidence in the environmental benefits of the proposed
standards and nutrient criteria would be possible with an
improved understanding of the biotic responses to arange
of nutrient concentrations in different environmental set-
tings.

Table 19. Results from forward stepwise-regression models to explain variances in total phosphorus and total nitrogen
concentrations with biotic indices for the studied nonwadeable rivers in Wisconsin.

[All regressions were on log-transformed concentrations; r, Pearson correlation coefficient; R?, coefficient of determination for the one-, two-, and
three-variable models; SCHL, suspended chlorophyll a concentration; see table 10 for definitions of abbreviations and units for each biotic index]

Constant First variable Second variable Third variable

Total phosphorus (TP) Log SCHL #INTOL %PLEC

Coefficient -1.167 0.428 -0.125 5.601

r .67 -.58 -.08

Accumulative R? 44 .58 .63
Total nitrogen (TN) Log SCHL %SUCKER MPTV

Coefficient 0.764 .394 -.578 -151

r .59 -.55 37

Accumulative R? 32 46 .51
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To provide the information needed by water-resource
managers to develop regionally based nutrient criteria
for Wisconsin's streams and rivers, the U.S. Geological
Survey (USGS) and Wisconsin Department of Natural
Resources (WDNR) collected water-quality and biotic
datain 240 wadeable streams and 42 nonwadeabl e rivers
throughout Wisconsin to (1) describe how nutrient concen-
trations and biotic-community structure differ throughout
the State, (2) determine which environmental characteris-
tics are most strongly related to the distribution of nutrient
concentrations, (3) determine reference water-quality and
biotic conditions for streams and rivers throughout the
State, (4) determine how biotic communities respond to
differencesin nutrient concentrations, (5) determine the
best regionalization scheme to describe the patternsin
reference conditions and the corresponding responsesin
water quality and the biotic communities (primarily for
smaller streams), and (6) develop new indices to estimate
nutrient concentrations from a combination of biotic
indices. Thisreport primarily describesthe results for the
nonwadesable rivers, but in this section, the results are com-
pared with the results for the wadeable streams.

Water Quality

Nutrient concentrations were consistently highest in
the nonwadeabl e rivers in the southern and western parts
of the State. In general, nutrient concentrationsin the
wadeable streams also had this same pattern; however, the
wadesable streams, such as those in the central part of the
State, had many isolated areas with high concentrations.
Nutrient concentrations in the nonwadeabl e rivers typically
had a smaller range in concentrations (primarily because
of lower maximum values) than the wadeable rivers. These
differences reflect the fact that the basins of the larger
rivers integrate many small streams and the more predomi-
nant land uses, and that wadeabl e streams are more likely
to be affected by local point sources. The basins of the
nonwadesable rivers may have included more point sources,
but their effects were diluted by inflow from many other
tributaries in the basin.

The overall median and mean TP and TN concentra-
tions were similar in the nonwadeabl e rivers and wadeable
streams. The median TP and TN concentrationsin the
nonwadeable rivers were 0.109 and 1.268 mg/L, respec-
tively (table 2), compared to 0.085 and 1.695 mg/L in the
wadeable streams (table 2 in Robertson and others, 2006a).

The proportion in different forms of the nutrients was quite
different. In the nonwadeable rivers, most of the nutrients
were in particul ate forms (approximately 55-75 percent for
P and 45-80 percent for N), whereas in wadeable streams
approximately 30-45 percent of the P and 20-45 percent
of the N were in particulate forms. In nonwadeable rivers,
N was about equally partitioned between NO,-N and TKN;
however, in the wadeable streams, there was about twice as
much NO,-N as TKN.

The nonwadeabl e rivers had much higher SCHL con-
centrations and lower clarity than the wadeabl e streams.
The overall median and mean SCHL concentrations in the
nonwadeable rivers were 7.31 and 18.47 pg/L (table 2),
respectively, compared to only 2.27 and 3.23 pg/L, respec-
tively, in the wadeable streams (table 2 in Robertson and
others, 2006a). The overall median and mean SDsin the
nonwadeabl e rivers were 60.5 and 71.8 cm, respectively,
compared to 112 and 97.3 cm, respectively, in the wade-
able streams. The lower concentrations of dissolved nutri-
entsin the nonwadeable streams, higher SCHL, and lower
clarity indicate that more of the nutrients are taken up by
the algae in the larger rivers.

The watersheds of the nonwadeable rivers usually
continued across several areas defined by the regionaliza-
tion schemes evaluated for the wadeabl e streams (environ-
mental phosphorus zones and Omernik ecoregions); for
this reason, regional differencesin the relations between
nutrient concentrations and biotic responses were not
examined in detail. The only regional response found in
large rivers was for SCHL. Concentrations of SCHL in
riversin the southwestern part of the State (Driftless Area
ecoregion) were lower than would be expected given the
nutrient concentrations, possibly because of the relatively
high SSC concentrationsin riversin that area.

The water quality of the nonwadeable rivers was sig-
nificantly related to many of the same environmental char-
acteristics as the water quality in the wadeabl e streams;
however, in general, the correlations were much stronger
for the nonwadeabl e rivers. The water quality of small
streams and large rivers was strongly related to the land
use/land cover in the basin [percentage of forested (For %)
and agricultural (Ag %) land], runoff from the basin, and
the clay content, erodibility, and permesability of the soil.
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More variability in the water-quality characteristics
(TR, TN, SCHL, and SD) was explained by the environ-
mental characteristics for the nonwadeable rivers (74 per-
cent; fig. 7) than for the wadeable streams (43 percent).
Concentrations of TP and TN in the nonwadeable rivers
explained 45 and 35 percent, respectively, of the variance
in Log SCHL concentrations and 77 and 50 percent of the
variance in SDs, respectively (fig. 10). These percentages
are higher than the percentages explained for small streams
(10 to 28 percent for SCHL and SD; fig. 7 in Robertson
and others, 2006a). Although nutrient concentrations by
themselves explained only a small part of the variance in
SCHL concentrations and SDs in the nonwadeable rivers
and wadeabl e streams (based on redundancy analyses),
nutrients by themselves explained more of the total vari-
ance in the nonwadesabl e rivers (about 20 percent of the
variance in SCHL and SDs; fig. 8) than in the wadeable
streams (only about 12 percent). This, again, indicates that
nutrients are more important for larger nonwadeable rivers
than for smaller wadeable streams.

The reference water-quality conditions in the non-
wadeable rivers (table 20) are similar to those in the
wadesable streams (table 22 in Robertson and others,
20064). The best estimates of median reference TP and
TN concentrations in the nonwadeabl e rivers (regression
approach) were 0.035 and 0.514 mg/L, respectively, com-
pared to 0.03-0.04 and 0.4-0.7, respectively, for the wade-
able streams. The range in reference concentrations for the
wadeable streams was the result of subdividing the State
into areas with high clay-content soils (Zone 3; fig. 1)
and the rest of the State. The best estimate of a median
reference SCHL concentration for the nonwadeable rivers
was 3.95 ug/L, which is higher than that for the wadeable
streams (1.0 to 1.7 ug/L). The best estimate of amedian
reference SD for rivers and streams was about 110 cm.

Reference values from this study are similar to those
defined by the USEPA for nutrient ecoregion 7 (southern
part of the State), but higher than those defined for nutrient
ecoregion 8 (northern part of the State). The USEPA
defined reference TP and TN concentrations for nutrient
ecoregion 7 as 0.033 and 0.54 mg/L, respectively, and
for nutrient ecoregion 8 as 0.010 and 0.20-0.38 mg/L,
respectively. The lower values defined by the USEPA
for the northern part of the State were probably aresult
of their values being estimated with the 25"-percentile
approach, whereas most of the watersheds of streams
and riversin those areas are dominated by forest, and
probably less than 25 percent of the streams and rivers
were substantially affected by anthropogenic factors.

The reference SCHL concentration found in this study
(3.8-3.9 ng/L) is close to those defined by the USEPA
using the Trichromatic Method of analysis: 5.8 pg/L for
the southern part of the State and 4.3 pg/L for the northern
part of the State.

Response in the Biotic Communities

In general, biotic communities in wadeable streams
and nonwadeabl e riversin the southern half of the State,
especially the southeastern part, were representative
of poorer water quality than in the streams and rivers
throughout the rest of the State. Nutrient concentrations
and probably other factors associated with agriculture and
urbanization that affect the biotic community were highest
in these southern streams and rivers.

Reference conditions for the macroinvertebrate and
fish indices that were most strongly related to differences
in nutrient concentrations are listed in table 20. For each
biotic category, the indices are listed in decreasing order
of the strength of the relation with differences in nutrient
concentrations [for macroinvertebrates, species richness
(SPECIES) was most strongly related to nutrients, and
for fish, the Bl was the most strongly related]. It has
also been suggested that best 251" percentile of all data or
the upper 75" percentile for a subset of sites thought to
be minimally impacted for a defined area may represent
the reference condition (U.S. Environmental Protection
Agency, 2000a). The values for each biotic index at
the best 25" percentile of al the data and the worst
75" percentile of the subset of streams thought to be
minimally impacted are listed in table 20.

Changesin biotic indices as nutrient concentrations
increase or decrease indicate that nutrients in wadeable
streams and nonwadeabl e rivers have direct or indirect
effects on the composition of the biotic community. The
responses of most biotic indices to increases in nutrient
concentrations in large nonwadeabl e rivers were nonlinear,
with a broad range of values at all nutrient concentra-
tions. The ranges of values for most macroinvertebrate
indices were broad and of similar magnitude at all nutrient
concentrations; in contrast, the ranges of values of many
fish indices were broader at low nutrient concentrations
and narrower, indicative of consistently poor conditions,
at high nutrient concentrations (wedge-shaped response).
In comparison, the responses of most biotic indicesin
small wadesble streams were broad at low nutrient con-
centrations and narrow at high nutrient concentrations.
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Table 20. Reference conditions for water-quality constituents and biotic indices for nonwadeable rivers in Wisconsin.

[nss, not statistically significant at p < 0.1; mg/L, milligram per liter; pg/L, microgram per liter; cm, centimeter; >, greater than)

69

Regression approach

Percentile approach

Constituent/index Abbreviations Median Worst Best 25" Worst 75"
reference 95_-percen_t _ percentile percentile for
confidence limit forall data  Reference sites
Water-quality constituents
Total phosphorus (mg/L) TP 0.035 0.045 0.034 --
Dissolved phosphorus (mg/L) DP .016 .021 .017 --
Particulate phosphorus (mg/L) PP .018 .025 .018 --
Total nitrogen (mg/L) TN 514 .604 .670 -
Dissolved nitrite plus nitrate (mg/L) NO,-N .061 107 132 --
Dissolved ammonia (mg/L) NH,-N .022 .022 .019 --
Total Kjeldahl nitrogen (mg/L) TKN 434 524 .500 --
Suspended chlorophyll a (ug/L) SCHL 39 6.2 3.8 3.8
Secchi-tube depth (cm)? SD 110 96 >120 >120
Suspended sediment (mg/L) SSC 32 4.9 4.0 2.8
Macroinvertebrate indices
Species richness® SPECIES 38 34 38 29
Mean pollution tolerance value MPTV 4.8 5.2 4.8 4.7
Percentage of individuals from order Y%EPHEM 29.1 20.0 314 30.8
Ephemeroptera® (p=0.08) (p=0.08)
Hilsenhoff Biotic Index HBI 5.0 5.6 4.9 4.7
(p=0.06) (p=0.06)
Percentage of individuals from order %PLEC 1.3 (nss) .3 (nss) .8 3
Plecoptera®
Percentage of individuals that are scrapers? %SCRAP 13.7 (nss) 7.0 (nss) 125 11.8
Fish indices
Wisconsin large-river index of biotic IBI 87.0 74.9 90.0 87.5
integrity?
Percentage of suckers by weight? %SUCKER 66.6 531 71.8 76.6
Number of species considered intolerant #INTOL 37 30 3.0 33
of degradation?
Percentage of individuals that are river %RIVERSP 38.9 29.4 394 29.7
species?
Number of river species? #RIVERSP 6.4 5.0 7.0 4.3
Percentage of individualsthat are lithophilic ~ %LITSPAWN 735 62.7 731 84.5

spawners?

aHigher values for this constituent/index was shown to represent better water quality; therefore, the worst 95-percent confidence limit was obtained

from the lower 95-percent confidence limit from the regression approach, the best 25" percentile for all of the data was obtained from the 75" percentile

of all of the data, and the worst 75" percentile for the Reference sites was obtained from the 25" percentile for the Reference sites.
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This wedge-shaped response to increases in nutrient con-
centrations is common for relations between biotic indices
and anthropogenic factors, such as the percentage of urban
land use in an area (Wang and others, 2001; Wang, 2003).
The wedge-shaped response indicates that at low nutri-

ent concentrations, factorsin addition to nutrients limit
the health of the biotic communities, whereasin streams
and rivers with high nutrient concentrations, nutrients or
factors correlated with high nutrient concentrations may be
the predominant factors affecting the biotic communities
(Cade and others, 1999).

Changes in the biotic communities of wadeable
streams and nonwadeabl e rivers were more strongly
related to changes in TP concentrations than to changesin
TN concentrations. Because the relations between nutri-
ent concentrations and most biotic indices were nonlinear,
thresholds or breakpoints in the responses were deter-
mined (table 21). A threshold represents the concentra-
tion at which the biotic community changes most rapidly
and, therefore, represents a critical concentration with
ecological significance. The thresholdsin the responses
to changes in TP concentrations were at slightly higher
concentrations for nonwadeabl e rivers (0.034-0.150 mg/L)
than for wadeable streams (0.04-0.09 mg/L; table 23in
Robertson and others, 20064). These thresholds are only
dlightly higher than the estimated reference TP con-
centrations. The thresholds in the responsesto TN con-
centrations ranged more widely for nonwadeable rivers
(0.527-1.990 mg/L) and wadeable streams (0.5-1.2 mg/L).
Thresholds for macroinvertebrate and fish indices fluctu-
ated over these ranges.

The biotic communitiesin ariver reflect the overall
ecological integrity (physical, chemical, and biological

integrity). The biotic communities integrate the effects
of many different stressors (such as extreme hydrologic
conditions, extreme sedimentation rates, pesticides, and
nutrients) over timespans of daysto years and thus provide
abroad measure of their aggregate effect. In addition, the
geomorphologic and geochemical regimes, and land use/
land cover in the watershed control the physicochemical
habitat in which the biota live. Results of redundancy
analyses for nonwadeabl e rivers and wadeabl e streams
indicated that nutrient concentrations alone explained
only asmall part of the variance in the biotic indices. For
small streams and large rivers, nutrient concentrations by
themselves explained only about 1 to 11 percent of the
total variance in the biotic indices (about 2 to 25 percent of
the explained variance), and were most strongly related to
SCHL concentrations.

Through a combination of the hiotic indices, two
new multiparameter indices (BIP and BIN) were devel-
oped for streams and rivers. For both streams and riv-
ers, the BIP estimated TP concentrations better than the
BIN estimated TN concentrations. Both of these indices,
however, predicted the nutrient concentrations better for
nonwadeabl e rivers than for wadeable streams. The BIP
explained 63 percent of the variance in TP concentrations
for the rivers, but only 54 percent for the streams. The BIN
explained 51 percent of the variance in TN concentrations
for the rivers, but only 41 percent for the streams. The dif-
ferencesin the predictability of these indices are consistent
with the stronger correlations between the biotic indices
and TP concentrations than between the biotic indices and
TN concentrations. These differences indicate that TP con-
centrations are more important than TN concentrationsin
affecting the biotic communities.
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Conclusions

The ultimate goal of this study was to provide the
information needed by water resource managers to develop
regionally based nutrient criteriafor rivers and streamsin
Wisconsin by refining reference or background nutrient
and biotic conditions and describing the responses (thresh-
olds) of the biotic community to differencesin nutrient
concentrations. Meaningful changes in macroinvertebrate
and fish assemblages were correlated with changesin
nutrient concentrations, and most of the assemblages
changed at concentrations only slightly above the refined
reference concentrations. Nutrient concentrations in many
streams and rivers, especially those in agricultural areas,
are well above the response thresholds for many biotic
indices; therefore, large reductions in nutrient concen-
trations in these systems would be needed to have large
effects on the biotic community. Differences in nutrient
concentrations alone explained only asmall part of the
variability in the biotic community because the biotic com-
munity represents the overall ecological integrity of the
river or stream. Therefore, it is difficult to predict the exact
result of reducing nutrient concentrations without also
modifying the factors typically associated with high nutri-
ent concentrations. Actions taken to reduce the input of
nutrients from the watersheds will likely not only reduce
nutrient concentrations, but could also mitigate the effects
of many other correlated stressors on the biotic commu-
nity, such as suspended sediment and siltation. Reductions
in nutrient input from the watersheds as a result of the
establishment and implementation of nutrient criteriaand
standards would not only reduce nutrient concentrationsin
streams and rivers, but would also improve riparian habitat,
the ecological functioning of streams and rivers, and the
quality of downstream nutrient-limited receiving waters.
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Appendix 1.

for each of the 42 studied nonwadeable rivers in Wisconsin.

Nutrient Concentrations and Their Relations to the Biotic Integrity of Nonwadeable Rivers in Wisconsin

Stream identification, location information, and summary statistics for flow and water-quality data collected in 2003

[ID, stream identifier; USGS, U.S. Geological Survey; km?, square kilometer; (m®s)/km?, (cubic meter per second) per square kilometer; mg/L, milligram
per liter; pg/L, microgram per liter; cm, centimeter; °C, degrees Celsius; uS/cm, microsiemen per centimeter. Location of stream sites shown on figure 2.]

USGS Longitude  Latitude Water- Flow per Total

ID Stream name site EcoregionID (decimal (decimal shed unit area phos-
number degrees) degrees) area [(m¥/s)/km?)] phorus

(km?) (mg/L)

1  Wisconsin River at Grandfather Dam 05393705 3-NLF-09 89.7761  45.3233 5,870 0.010 0.054
2 Wisconsin River at Portage 05404024 3-NCHF-10 894733 435361 21,100 .011 .072
3 White River near Ashland 04027500 3-NLF-04 90.9042  46.4972 781 .010 .045
4 Menominee River near McAllister 04067500 3-NLF-12 87.6633  45.3258 10,100 .008 .027
5 Peshtigo River at Peshtigo 04069500 3-NLF-11 87.7444  45.0469 2,870 .009 .030
6  Oconto River near Gillett 04071000 3-NLF-10 88.3000  44.8647 1,770 .009 .031
7 Fox River at Berlin 04073500 3-SWTP-10 88.9522  43.9539 3,450 .008 133
8  Wolf River near Shawano 04077400 3-NCHF-18 88.6250  44.8358 2,190 .008 .034
9 Embarrass River near Embarrass 04078500 3-NCHF-16  88.7361  44.7247 1,010 .008 .057
10  Wolf River at New London 04079000 3-NCHF-12  88.7403  44.3922 5,870 .020 .102
11  Little Wolf River at Royalton 04080000 3-NCHF-13  88.8653  44.4125 1,330 .010 .046
12 Fox River near Wrightstown 04084500 3-NCHF-14  88.1972 443175 15,600 .023 .156
13 Sheboygan River at Sheboygan 04086000 3-SWTP-09 87.7539  43.7417 1,110 .004 51
14  Milwaukee River at Milwaukee 04087000 3-SWTP-08 87.9089  43.1000 1,810 .003 .149
15 Namekagon River at Trego 05332500 3-NLF-03 91.8881  45.9481 1,260 .012 .032
16 St Croix River near Danbury 05333500 3-NLF-02 92.2472  46.0750 4,000 .014 .023
17 St Croix River at St. Croix Falls 05340500 3-NLF-01 92.6469  45.4069 16,200 .012 .047
18  ChippewaRiver near Bruce 05356500 3-NLF-08 91.2608  45.4522 4,250 .012 .029
19  North Fork Flambeau River at Oxbo 05358330 3-NLF-05 90.7081  45.8592 2,480 .007 .031
20  South Fork Flambeau River near Phillips 05359500 3-NLF-06 90.6153  45.7042 1,600 .010 .028
21  Flambeau River near Bruce 05360500 3-NLF-07 91.2094  45.3725 4,900 .051 .033
22 Jump River at Sheldon 05362000 3-NCHF-01  90.9564  45.3081 1,490 .005 .034
23  EauClaire River near Fall Creek 05366500 3-NCHF-03 91.2806  44.8097 1,970 .004 .080
24  Red Cedar River at Colfax 05367500 3-NCHF-02 91.7111  45.0525 2,840 .009 125
25  ChippewaRiver at Durand 05369500 3-NCHF-04 919689  44.6283 23,400 .016 .078
26  Buffalo River near Tell 05372000 3-DFA-01 91.8492  44.3917 1,050 .009 .330
27  Trempeaeau River at Dodge 05379500 3-DFA-02 91.5533  44.1317 1,670 .007 .399
28  Black River near Galesville 05382000 3-NCHF-05 91.2872  44.0603 5,390 .006 150
29 LaCrosseRiver at LaCrosse 05383075 3-DFA-03 91.2103  43.8608 1,230 .006 195
30 Lemonweir River near New Lisbon 05403500 3-NCHF-08 90.1775  43.9292 1,110 .008 115
31  Baraboo River near Baraboo 05405000 3-DFA-07 89.6358  43.4808 1,570 .006 .204
32  Wisconsin River at Muscoda 05407000 3-NCHF-09 90.4433 431981 27,000 .044 .078
33  Kickapoo River at Steuben 05410490 3-DFA-04 90.8583  43.1828 1,780 .006 .146
34  Grant River at Burton 05413500 3-DFA-05 90.8192  42.7203 710 .004 .216
35  Crawfish River at Milford 05426000 3-SWTP-04 88.8494  43.1000 1,960 .003 497
36 Bark River at State Highway D 05426460 3-SWTP-06 88.7014  42.8942 655 .004 .182
37  Rock River at Fort Atkinson 05427085 3-SWTP-05 88.8428  42.9275 5,810 .007 311
38  YaharaRiver near Fulton 05430175 3-SWTP-01 89.1719  42.8264 1,280 .007 .210
39  Rock River at Afton 05430500 3-SWTP-03  89.0706  42.6092 8,650 .024 .261
40  PecatonicaRiver at Martintown 05434500 3-DFA-06 89.7994  42.5094 2,680 .004 .269
41  Sugar River near Brodhead 05436500 3-SWTP-02  89.3981  42.6117 1,360 .005 .199
42  Fox River near New Munster 05545750 3-SWTP-07 88.2258  42.6108 2,020 .004 51
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mn

stI))IIvst; d Total DI:ist:ilt‘;ed Dissolved _Total Sus- p:::; d Secchi- A“:ar;!:e Specific Color Dissolved
phos-  nitrogen plus ammonia K!eldahl pel_lded chloro- tube tempera- conduc- pH (stan- o_xy_/gen

. nitrogen sediment depth tance dard  minimum
phorus  (mg/L) nitrate (mg/L) (ma/L) (ma/L) phyll a (cm) ture (uS/cm) units) (ma/L)
(mg/L) (mg/L) (ng/L) (°C)

0.018 0.598 0.033 0.034 0.565 4.0 9.6 103 19.6 90.5 775 775 5.10
.018 1.085 .159 .024 .910 11.0 244 64.5 19.9 154 7.80 40.0 8.00
.017 .266 .011 .025 .255 135 1.7 375 16.8 180 795 238 8.30
.012 441 .026 .015 .370 4.0 39 120 19.6 280 815 40.0 8.10
.015 .769 .239 .032 .550 1.0 2.7 120 19.3 274 8.00 525 6.60
.012 .670 .204 .024 .510 7.0 45 120 19.2 280 795 75.0 8.30
015 1841 .288 .019 1.650 53.0 28.3 255 204 362 830 45.0 6.40
.016 714 178 .047 .555 55 3.0 120 19.2 261 810 388 5.30
.040 1.790 1.110 .048 .650 6.0 33 120 17.6 417 820 525 6.30
.054 1382 .559 .044 .665 225 6.7 49.5 193 421 815 375 5.70
.028 1910 1.195 .043 .580 4.0 35 120 194 428 820 325 8.80
073 1321 .244 .074 1.100 225 27.2 42.0 20.9 403 850 16.3 8.30
049 1991 .615 .046 1.400 36.5 35.7 47.0 204 651 860 475 8.70
.086 1.713 .555 .044 1.100 145 24.8 425 215 844 850 338 7.20
.014 416 .085 .038 .340 20 52 120 19.4 170 830 238 7.40
.012 411 .011 .007 .365 1.0 18 120 17.6 135 800 325 8.00
.020 .701 136 .021 .565 55 5.7 113 19.8 190 780 60.0 7.30
.015 571 132 .020 430 25 29 120 18.8 106 790 55.0 8.10
.019 470 .021 .020 420 20 24 120 18.7 135 755 60.0 7.20
.014 542 .018 .024 .500 3.0 4.2 120 17.7 78.0 760 725 7.90
.018 513 .092 .021 440 30 38 120 19.4 108 775 675 8.10
.020 .501 .011 .024 490 1.0 31 120 20.6 150 830 625 5.30
.042  1.095 435 .023 .610 6.0 133 110 20.2 110 815 325 8.60
.075  1.940 1.275 .025 .595 11.0 7.9 98.0 17.3 175 7.70 125 7.00
.030 1.198 .609 .012 .625 11.5 18.6 79.0 19.2 181 835 325 8.60
129  3.020 2.420 .012 .545 74.0 6.1 48.5 18.4 345 8.10 8.8 8.20
156 2415 1.975 .017 .500 53.0 39 415 19.6 311 8.05 8.8 8.20
.061  1.099 413 .010 .695 155 19.8 56.5 213 157 865 275 9.10
071 1376 .368 .019 1.040 545 45.8 335 222 341 8.75 75 8.70
.063 1.152 .362 .061 .715 45 6.0 64.0 18.8 191 755 80.0 6.50
.077  1.990 1.145 .046 .840 69.0 18.3 20.0 18.0 382 795 150 6.80
015 1215 376 .012 .945 20.0 344 5515 20.6 243 835 35.0 8.80
.064 1.170 791 .013 .355 51.0 55 57.0 17.8 486 8.20 8.8 7.60
137 3.665 3.020 .019 .615 220 28 66.5 199 638 8.20 5.0 8.10
106 3.326 .070 .027 2.850 875 129.7 12.0 22.0 664 860 40.0 5.60
.083 2810 1.410 129 1.400 43.0 155 27.0 20.5 673 810 425 6.50
106 3.000 1.000 .037 2.200 515 98.5 16.0 218 700 850 36.3 6.10
.080 5485 3.770 .057 1.400 48.0 19.6 345 20.2 680 840 15.0 8.80
146 3.775 1.925 134 1.850 225 37.0 36.5 204 769 830 188 8.20
104 4475 3.680 .054 .825 74.0 81 295 20.1 634 8.20 8.8 7.60
.068  4.150 3.245 .023 1.050 395 36.1 195 20.6 596 825 150 8.10
.017  2.740 .963 .023 1.550 295 40.5 26.5 21.9 904 845 30.0 9.40
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Nutrient Concentrations and Their Relations to the Biotic Integrity of Nonwadeable Rivers in Wisconsin

Appendix 2. Macroinvertebrate indices for each of the 41 studied nonwadeable rivers in Wisconsin. (All data were collected by

the Wisconsin Department of Natural Resources.)

[ID, stream identifier; EPT, Ephemeroptera, Plecoptera, Trichoptera. Location of sites shown on figure 2.]

D Stream name S_pecies Percent Percent !’ercent P(_ercent _Percen_t
richness Ephemeroptera Plecoptera Trichoptera Diptera  Chironomidae
1  Wisconsin River at Grandfather Dam 28 314 29 19.0 43.6 38.1
2  Wisconsin River at Portage 28 6.0 .0 435 4.7 4.1
4 Menominee River near McAllister 30 69.1 39 8.2 15.9 155
5  Peshtigo River at Peshtigo 37 321 2 45.8 20.4 19.3
6  Oconto River near Gillett 45 29.2 12 45 45.8 45.8
7  Fox River at Berlin 18 11 .0 84.3 13.8 13.6
8  Wolf River near Shawano 44 54.0 .0 84 36.4 36.4
9  Embarrass River near Embarrass 51 16.7 2 332 47.6 41.9
10 Wolf River at New London 34 16.9 .0 67.3 13.2 13.0
11  Little Wolf River at Royalton 47 20.7 4 41.8 36.5 35.8
12 Fox River near Wrightstown 23 25 .0 24.0 53.9 535
13  Sheboygan River at Sheboygan 24 22 .0 4 92.7 9.7
14  Milwaukee River at Milwaukee 37 43 .0 28.2 56.4 54.4
15 Namekagon River at Trego 29 14.4 .6 24.8 59.9 43.9
16 St Croix River near Danbury 39 26.7 .8 29.3 419 25.6
17 St Croix River at St. Croix Falls 37 7.9 5 233 67.0 66.3
18  ChippewaRiver near Bruce 44 211 21 53 70.8 58.8
19  North Fork Flambeau River at Oxbo a2 46.8 .0 2.6 41.0 40.7
20  South Fork Flambeau River near Phillips 43 10.5 .8 8.6 79.5 73.9
21  Flambeau River near Bruce 28 43.2 2 11.9 447 42.9
22 Jump River at Sheldon 30 60.6 13 .6 354 354
23  Eau Claire River near Fall Creek 32 5.2 -8 9.1 84.5 83.6
24 Red Cedar River at Colfax 30 39.5 11.2 313 17.4 12.4
25  ChippewaRiver at Durand 33 5.6 4 24.5 68.9 64.8
26  Buffalo River near Tell 30 8.2 17 38 85.5 84.8
27  Trempealeau River at Dodge 34 25.5 13 10.6 60.8 57.4
28  Black River near Galesville 39 441 9 14.7 27.2 27.2
29 LaCrosse River at LaCrosse 31 21 .0 10.5 61.3 59.4
30 Lemonweir River near New Lishon 38 20.7 .0 25.8 40.2 39.7
31 Baraboo River near Baraboo 21 314 2 63.2 83 3.3
32 Wisconsin River at Muscoda 33 41 2 12.1 76.5 75.2
33  Kickapoo River at Steuben 38 85 3.0 33.6 51.0 49.9
34  Grant River at Burton 34 44.2 .0 37.6 158 15.0
35 Crawfish River at Milford 10 .0 .0 69.7 30.1 299
36 Bark River at State Highway D 33 11.2 .0 31.0 231 229
37 Rock River at Fort Atkinson 16 .0 .0 9.4 78.8 78.8
38 YaharaRiver near Fulton 26 22.8 .0 36.0 391 36.8
39  Rock River at Afton 19 4.2 .0 234 65.8 65.7
40  PecatonicaRiver at Martintown 29 41.0 .6 353 225 225
41  Suger River near Brodhead 28 15.2 5 61.0 233 22.7
42  Fox River near New Munster 27 15.6 .0 9.7 74.3 74.1




Appendixes 1

Percent Percent Percent Percent Percent Percent from a Mean pollution Hilsenhoff
EPT number EPT taxa scrapers  shredders gatherers depositional habitat tolerance value Biotic Index
53.3 48.0 42 19.0 28.8 17.7 4.88 4.86
494 231 1.9 9.2 18.8 4.6 5.57 5.53
81.2 46.2 55.9 4.0 7.9 6.8 4.65 3.93
78.1 54.3 15.7 14.6 12.3 8.6 5.06 422
34.8 39.0 5.7 51 71.7 58.0 5.42 531
85.4 41.2 .6 8.8 38 8 6.27 5.39
62.4 29.3 10.3 6.0 62.1 23.1 5.65 6.05
50.1 46.7 8.3 17.6 233 8.7 4.45 4.96
84.3 46.9 85 34 14.4 6.3 5.75 5.22
62.9 48.8 6.7 11.6 26.5 16.2 4.37 4.70
26.5 304 17 15.6 34.0 9.5 6.55 6.47

26 21.7 .0 2.0 94.8 4.4 6.57 9.58
325 21.2 .8 27.2 27.8 141 5.60 5.75
39.7 50.0 5.3 25 16.8 32 3.65 4.76
56.8 47.1 10.7 21 34.2 9.0 412 431
31.7 34.4 7.4 8.1 6.1 4.4 4.84 5.67
28.4 46.2 9.9 15.6 432 16.0 432 4.98
494 31.6 15.1 7 53.9 215 5.64 6.07
19.9 40.0 16 10.9 22.2 20.7 4.88 5.58
55.3 56.0 19.8 7.0 6.1 3.0 4.76 4.47
62.5 48.1 55.1 1.0 10.1 89 454 459
14.6 26.7 4.6 8.6 13.7 4.4 5.03 5.73
82.0 50.0 7.2 10.3 37.9 9.1 3.52 277
30.5 40.0 4.6 7.6 9.7 9.7 529 SI5il
137 39.3 7.6 28 57 38 4.64 5.77
37.4 41.2 12.6 3.8 27.6 184 5.15 5.87
59.7 36.1 33.0 132 20.3 9.0 5.52 5.13
12.6 17.2 125 19.8 51.5 111 5.50 7.17
46.5 14.3 112 4.8 41.0 7.5 5.89 5.82
94.7 65.0 279 4 6.0 14 4.80 4,94
16.4 333 18 17.7 30.8 4.8 5.53 6.66
451 37.8 6.2 7.5 31.2 11.8 4.64 4.64
81.8 40.0 18.3 4.8 232 17.2 5.35 471
69.7 33.3 .0 26.9 32 .6 6.11 5.43
422 40.6 75 9.3 439 55 6.19 6.18

9.4 12.5 11 6.5 80.7 11 6.77 8.85
58.8 40.0 1.0 215 333 18.6 5.14 497
27.6 222 .0 46.6 15.6 6.3 5.56 5.57
76.9 59.3 35.6 12.3 113 7.8 5.00 5.32
76.7 50.0 5.8 5.6 12.3 7.4 5.42 4.92

254 32.0 2 14.8 67.7 16.4 5.67 7.15
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Appendix 3.

[ID, stream identifier; kg, kilogram. Location of sites shown on figure 2.]

Nutrient Concentrations and Their Relations to the Biotic Integrity of Nonwadeable Rivers in Wisconsin

Fish indices and ratings for each of the 41 studied nonwadeable rivers in Wisconsin. (All data were collected by
the Wisconsin Department of Natural Resources.)

Number Number Number  Numberof Weightper Percent
1D Stream name of native of riverine  of sucker intolerant  unit effort river
species species species species (kg) species
1 Wisconsin River at Grandfather Dam 8 3 3 3 151,000 25.3
2  Wisconsin River at Portage 11 4 4 3 22,300 45.5
4 Menominee River near McAllister 17 7 5 5 7,340 26.4
5  Peshtigo River at Peshtigo 18 6 3 3 4,830 20.8
6 Oconto River near Gillett 8 2 1 4 14,400 51
7  Fox River at Berlin 19 4 4 3 25,700 15.1
8 Wolf River near Shawano 27 8 6 6 21,100 35.9
9  Embarrass River near Embarrass 25 7 6 3 32,100 194
10 Wolf River at New London 18 5 4 2 10,800 15.8
11  Little Wolf River at Royalton 14 7 4 3 32,000 38.8
12 Fox River near Wrightstown 5 1 2 1 3,890 45
13  Sheboygan River at Sheboygan 10 0 2 3 33,600 .0
14  Milwaukee River at Milwaukee 4 1 3 1 4,010 9.1
15 Namekagon River at Trego 12 7 4 4 57,800 48.2
16 St Croix River near Danbury 15 5 5 5 11,800 39.4
17 St Croix River at St. Croix Falls 12 7 7 2 24,500 38.6
18 Chippewa River near Bruce 16 7 5 4 21,600 34.2
19 North Fork Flambeau River at Oxbo 9 4 5 3 38,000 79.0
20  South Fork Flambeau River near Phillips 11 6 5 2 33,300 65.5
21  Flambeau River near Bruce 18 7 4 3 15,900 15.8
22 Jump River at Sheldon 10 4 4 4 52,000 60.5
23  Eau Clare River near Fall Creek 14 4 8 8 79,300 20.4
24 Red Cedar River at Colfax 23 13 5 7 32,700 54.5
25 ChippewaRiver at Durand 16 10 7 3 47,900 40.6
26  Buffalo River near Tell 19 7 5 3 41,300 26.8
27  Trempeaeau River at Dodge 10 4 8 0 10,200 10.7
28 Black River near Galesville 15 8 6 3 34,900 38.4
29 LaCrosseRiver at La Crosse 12 4 2 1 61,100 114
30 Lemonweir River near New Lisbon 11 1 1 0 17,100 2.7
31 Baraboo River near Baraboo 14 4 3 3 21,900 14.3
32  Wisconsin River at Muscoda 16 10 8 5 58,900 48.0
33 Kickapoo River at Steuben 11 6 4 1 7,720 311
34  Grant River at Burton 14 5 4 2 8,230 24.3
35 Crawfish River at Milford 8 0 8 1 30,800 .0
36 Bark River at State Highway D 8 3 4 1 11,700 32.8
37 Rock River at Fort Atkinson 12 1 2 1 13,000 3.9
38 YaharaRiver near Fulton 16 6 3 4 36,500 61.3
39 Rock River at Afton 9 1 2 1 9,800 22
40  Pecatonica River at Martintown 4 5 1 20,000 22.2
41  Sugar River near Brodhead 11 4 5 1 35,900 40.7
42  Fox River near New Munster 15 4 5 2 42,500 29.4




Percent Percent Percent . Large-river Fish rating based on
lithophilic suckers by insectivores Per(_:ent with index of biotic  the large-river index
spawners weight by weight disease integrity of biotic integrity

91.9 83.8 84.1 0.0 80 Excellent
414 320 32.7 .0 65 Good
59.8 69.5 72.6 .0 80 Excellent
24.8 1.6 3.7 .0 50 Fair
6.1 6.7 6.7 .0 a4 Fair
19.8 320 42.3 .0 70 Good
73.1 10.8 11.8 .0 80 Excellent
50.4 26.0 40.5 .0 95 Excellent
439 15.7 40.0 .0 70 Good
74.1 94.7 97.8 17 85 Excellent
22.7 .6 104 .0 10 Very poor
15 .8 & .0 30 Poor
36.4 355 355 .0 35 Poor
91.2 97.4 97.5 .0 95 Excellent
83.9 87.6 91.3 .0 95 Excellent
64.4 34.8 36.5 2.0 75 Good
83.6 71.8 724 .0 90 Excellent
935 95.8 95.9 .0 95 Excellent
91.4 87.7 87.8 .0 94 Excellent
88.8 75.7 81.8 .0 85 Excellent
86.4 79.4 79.4 .0 95 Excellent
47.3 65.1 67.0 .6 75 Good
53.3 77.2 79.6 .0 100 Excellent
69.2 65.4 76.6 .0 100 Excellent
72.2 36.2 38.4 .0 95 Excellent
76.8 21.9 37.6 1.8 35 Poor
60.5 495 56.7 12 90 Excellent
64.0 74.7 88.2 .0 60 Good
324 28.3 29.1 .0 35 Poor
47.6 12.1 253 12 55 Fair
43.9 24 63.7 .0 100 Excellent
62.2 285 38.7 .0 55 Fair
37.8 5.2 21.3 .0 50 Fair
37.0 29.3 46.2 .0 50 Fair
34.3 8.9 9.0 15 30 Poor
235 3.7 14.6 2.0 15 Very poor
70.4 55.3 57.7 .0 90 Excellent
28.9 21 6.9 6.7 5 Very poor
40.0 17.8 36.7 .0 50 Fair
24 28.3 60.3 .0 70 Good
52.9 26.6 36.9 .0 75 Good
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